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Abstract

We extend the notion of forward performance criteria to settings with random endowment in
incomplete markets. Building on these results, we introduce and develop the novel concept of
forward optimized certainty equivalent (forward OCE), which offers a genuinely dynamic valua-
tion mechanism that accommodates progressively adaptive market model updates, stochastic risk
preferences, and incoming claims with arbitrary maturities.

In parallel, we develop a new methodology to analyze the emerging stochastic optimization
problems by directly studying the candidate optimal control processes for both the primal and
dual problems. Specifically, we derive two new systems of forward-backward stochastic differential
equations (FBSDESs) and establish necessary and sufficient conditions for optimality, and various
equivalences between the two problems. This new approach is general and complements the
existing one based on backward stochastic partial differential equations (backward SPDEs) for the
related value functions. We, also, consider representative examples for both forward performance
criteria with random endowment and forward OCE, and for the case of exponential criteria, we
investigate the connection between forward OCE and forward entropic risk measures.
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1 Introduction

This work contributes to the theory of forward performance criteria in incomplete markets. It studies
forward performance processes in the presence of random endowment and, building on this, introduces
the novel concept of forward optimized certainty equivalent (forward OCE). In parallel, it develops a
new methodological approach to study the emerging forward stochastic optimization problems through
new, interesting on their own right, forward-backward stochastic differential equations (FBSDEs) sat-
isfied by the optimal control processes of the primal and dual problems.

Random endowments are a central object of study in expected utility maximization and, further-
more, play an important role in indifference valuation/certainty equivalent, where they model the
payoffs/liabilities to be priced and hedged. The aim herein is to develop a general framework to
incorporate them within the broader class of forward performance processes, analyze the related op-
timal control processes and investigate how they can be used to generalize the widely-used notion of
optimized certainty equivalent.

The motivation for the plan of study herein stems from various shortcomings of the classical (back-
ward) setting, as highlighted next and further explained later in the paper. Recalling the standard
paradigm in the random endowment literature, one pre-specifies at initial time ¢ = 0 a quadruple
consisting of i) the (longest) horizon [0, T'] within which random endowments will arrive, ii) the utility
function U at the end of this horizon, iii) the underlying market model My 7 and iv) the upcoming
random endowments. In other words, these modeling ingredients are chosen statically, once and for
all, at initiation. However, more flexibility is frequently needed as new random endowments might
arrive at times not known before, the market model might be revised and, furthermore, the risk
preferences themselves could be modified. Indeed, let us consider the following simple representative
case: for simplicity, it is assumed that there is a random endowment, given by a random variable Pp
specified at ¢ = 0. However, at some future time 7, with 0 < 7 < T, the utility maximizer learns
that an additional payoff Pr, is expected at time 77 < T. One now sees that the solution of the
problem in [0, 7] has not considered this updated information, yielding a posteriori time-inconsistent
solutions. The situation becomes even more complex if this new random endowment actually arrives
at time 77 > T, for the utility U was pre-defined only at T', and not beyond this time. Therefore, a
modified utility maximization problem in [T, T;] needs first to be defined in order to accommodate
the new random endowment. Additional considerations arise if at an intermediate time, say 7/ < T,
the market model is updated to M, ['T/_’T], which will also yield a posteriori time-inconsistent solutions,
even if the assumptions on the random endowments remain the same.

Naturally, these limitations also have undesirable consequences on indifference prices. Indeed, the
expected utility maximization framework does not allow to price in a time-consistent manner claims
arriving at times not known at initiation, and especially when these new claims mature at instances
beyond the pre-specified horizon, in which case the underlying model is not even well defined. It,
also, fails to price, in a time-consistent manner, claims when the market model is being dynamically
revised, or when the risk preferences themselves evolve stochastically. These limitations were one of
the main motivations for the third author and Musiela to develop the theory of forward performance
criteria in the early 2000s (see, among others, [32, 33, 34, 35, 36]).

Since then, the effort in the forward approach has mainly focused on, from the one hand, developing
a probabilistic characterization of forward performance processes and, from the other, studying forward
indifference prices for the special class of exponential criteria; see, for example, the stochastic partial
differential equation (SPDE) approach initiated in [36], and also studied in [16, 17, 18, 19]. When the
forward performance process is homothetic, like the exponential case, a new class of ergodic backward
stochastic differential equations (BSDEs) have been proposed to characterize this class (see [13, 31]).
When the forward performance process is time-monotonic, Widder’s theorem has been applied for
their characterization ([4, 37]). In addition, the corresponding discrete-time theory has been recently



explored extensively ([1, 2, 30, 38]). The applications of forward performance processes have extended
to various domains, such as relative performance criteria ([3]), general semimartingale models ([9)]),
insurance ([12]), duality theory ([14, 40]), behavioral finance ([20]), regime-switching models ([23]),
intertemporal consumption ([24]), model uncertainty ([25]), and maturity-independent risk measures
([41)).

The only studies of the forward performance process with random endowment were the ones
for exponential criteria in the context of exponential forward indifference prices (see, among others,
[28, 32, 33]). The most general result can be found in Chong et al. [13] who built on the work of forward
entropic risk measures, initially developed in [41], and proposed a BSDE, coupled with an ergodic
BSDE, representation of exponential forward indifference prices. However, how this BSDE /ergodic
BSDE approach may be extended beyond the exponential case remains an open problem.

Herein, we depart from both the specific class of exponential forward performance processes and the
SPDE approach for general forward performance processes without random endowment. We take an
entirely different approach by working directly with the optimal policies and the corresponding optimal
state price density processes via the solutions of two FBSDESs, one referred to as the primal FBSDE
(3.5) and the other as the dual FBSDE (3.14). These two FBSDEs form a convex dual relationship akin
to the primal and the dual problems of the forward performance process with random endowment. We
demonstrate that both FBSDEs offer necessary and sufficient conditions for the forward performance
process with random endowment and its convex dual.

We focus on introducing the new methodology, establish necessary and sufficient optimality con-
ditions via the new FBSDEs and explore equivalences between the primal and dual problems. We do
not present general results on existence and uniqueness of their solutions; such questions are being
currently investigated by the authors in the companion paper [29] and require a rather involved analy-
sis and suitable assumptions on the forward volatility process, the families of viable claims, etc. which
are beyond the scope of this paper. On the other hand, in this work, we present two representative
examples, one for complete markets and general forward performance criteria, and another for an
incomplete market (with a single stochastic factor) and exponential forward performance criteria.

The derivation of the primal and dual FBSDEs draws inspiration from Horst et al. [21], who
considered the FBSDE characterization of utility maximization with random endowment but only
from the primal perspective. However, our work differs from [21] as the static utility functions therein
are being replaced by general forward performance processes. Their stochastic nature combined with
their inherent martingale optimality leads to simpler and more interpretable terms in the obtained
FBSDEs. Furthermore, we explore the convex dual of the primal FBSDE, presenting a novel approach
to studying the convex duality in the forward setting. The results herein also provide a new perspective
for forward performance processes in the absence of random endowment, yielding the self-generation
property, first studied in [40] for the exponential case.

For the reader’s convenience, we next provide a road map of the FBSDE approach and the under-
lying equivalences and dual relationships. For completeness, we also include information about the
formal derivation of the corresponding primal and dual backward SPDEs discussed in Section 6.
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Figure 1: The FBSDE approach road map of main results.



Building on the results on forward performance processes with random endowment, we introduce
the novel concept, the forward optimized certainty equivalent (forward OCE). Its static counterpart,
introduced by Ben-Tal and Teboulle in [5] and [6], is a decision-making criterion based on expected
utility theory and represents the outcome of an optimal fund allocation where an investor can choose
to allocate a portion of the money from the random endowment to spend. However, due to the
static nature of the utility function, extending the existing OCE notion to a dynamic setting while
maintaining time consistency poses conceptual challenges. Recent studies by Backhoff-Veraguas et
al. [7] and [8] began with the convex dual representation of OCE and generalized it to a dynamic
version by introducing an additional variable to ensure time consistency. While [7] and [8] generalize
the static case of [5] and [6], the dynamic OCE therein is directly tied down to the pre-chosen horizon
T even though they are dynamically time-consistent within [0, 7). This is a direct consequence of the
fact that the underlying utility function is by nature tied down to 7'. Similar horizon dependence is
also observed in the classical indifference prices.

One then poses the question if there is a way to construct an OCE-type valuation mechanism that
is horizon invariant, or maturity independent, since we typically align the horizon with the longest
maturity. We prefer to use the terminology maturity independent to align it with the studies in [41]
and [13].

We stress that we do not expect that the OCE of a given claim should not depend on the maturity
of it, an obviously wrong result. Rather we seek a valuation mechanism, like the classical conditional
expectation or the exponential forward indifference pricing, that does not depend per se on a specific
horizon or maturity. This is what we develop herein within the OCE framework.

Next, we provide the key idea that helps us build the forward OCE notion. To this end, we present
a novel perspective on the static OCE by interpreting it as the value function of the convex dual for
a utility maximization problem with the random endowment within an auxiliary financial market
orthogonal to the random endowment. We, then, replace the static utility function with the forward
performance process within this auxiliary financial market and, in turn, define a forward OCE as the
convex dual of the forward performance process with the random endowment. This forward OCE
represents the result of an optimal dynamic allocation of funds, where an investor faces the choice of
saving a portion of their current wealth alongside the random endowment to maximize the forward
performance process. The auxiliary variable introduced in [7] and [8] has a natural interpretation as a
stochastic deflator, converting nominal values into real values. The forward OCE mirrors the optimal
balance between maximizing the forward performance process from the saving alongside the random
endowment and reducing spending due to this saving choice.

Unlike the framework proposed in [7] and [8], the newly defined forward OCE is both time con-
sistent and maturity independent. Furthermore, in the forward OCE framework, we introduce an
auxiliary financial market where the underlying asset can be utilized to partially hedge the risk as-
sociated with the random endowment. In contrast, in the dynamic OCE framework presented in [7]
and [8], this auxiliary market is assumed to be orthogonal to the random endowment, resulting in
null hedging effects. Finally, we apply the new definition and the related results to the exponential
case and we demonstrate that the forward OCE aligns with the negative of the forward entropic risk
measure proposed in [13].

The paper is organized as follows. In section 2, we introduce the market and recall the notion
of forward performance criteria and their convex dual. In section 3, we present the primal and dual
problems in the presence of random endowment, and the main results on the new FBSDEs, while in
section 4, we introduce the notion of forward OCE. In section 5, we discuss the family of exponential
forward performance criteria, construct the exponential forward OCE and explore its connection with
forward entropic risk measures. In section 6, we discuss the backward SPDE approach and compare
it with the FBSDE one proposed herein. Finally, section 7 concludes. All proofs are deferred to the
appendix.



2 Background results

We start with the description of the incomplete market and review fundamental concepts and results
in forward performance processes. Specifically, we review their definition and the (ill-posed) SPDE
that governs their evolution. We also recall their convex dual and derive the corresponding SPDE.

2.1 The incomplete market

Let W = (W', W?) be a two-dimensional Brownian motion on a complete probability space (2, F, P)
with the Brownian filtration F = (F;);>0. The market consists of one riskless asset (taken to be
numeraire) with zero interest rate and one stock whose price solves
% = wdt + o dW}, t>0, So=5>0.
t
The coefficients ¢ € R and ¢ > 0 are F-progressively measurable processes and the market price of
risk
g.=F
o

is assumed to be uniformly bounded. The market is considered incomplete because the dimension of
noise is higher than the number of stocks. Models with such incompleteness can be readily extended
to multidimensional cases (see [21] and [22]), but for simplicity, we keep a low dimensionality.

In this market, let @ be the amount invested in the stock and 7 := 7. Then, the self-financing

condition yields the wealth SDE,
dX[ =m (0dt +dW,)), t>0, X =z€R. (2.1)

For 0 <t < T < oo, we denote by A, 1) the set of admissible trading strategies in horizon [t, T,
defined as
Ape,r) = {7r cLiyolt,T],ms €ER fort < s < T} ,

T
/ (| du
i

for some constant C' and all F-stopping times 7 € [t, T]},

where

Fr| <C, P-as.,

L0 [6T) = { (7s)sepe,m) * 7 is F-progressively measurable and E

and denote by A := U;>0.A4(0, the set of admissible trading strategies for all £ > 0.
The market model admits multiple state price densities (or equivalent martingale measures), which
we parameterize by ¢ on [t,T] for 0 <t < T < 0o, namely,

754 = exp (—/ (0udWE + gudW2) — %/ (|9u|2 + |qu|2) du) . t<s<T,
t t

where q € Q[; 7 with
Q[t,T] = {q S LQBMO [t,T] ,gs €E Rfort <s < T}
Therefore, for g € Q[ 7, the state price density process satisfies the SDE
dzb9 = —Z5 (0dW] + qdW?), t<s<T, (2.2)

with initial condition Z/'? = 1; moreover, Z"9 is a true martingale since # is uniformly bounded and
q € Qi1 (see [27]). Furthermore, we also have the following martingale property.



Lemma 2.1 Let T > 0. Then for any 0 <t <T, m € Ay 1) and g € Qs 1, the process
M= / tu (Budu + dWY) - 200
t
is a true martingale on [t,T).

2.2 Forward performance processes and their convex dual representation

We recall the definition of forward performance processes and their SPDE representation introduced
by Musiela and Zariphopoulou in [32, 33] and established in [36], respectively. We also recall their
convex dual representation introduced by El Karoui and Mrad in [18].

For t > 0, let L9(F;) denote the space of F;-measurable random variables, L?(F;), p > 1, the space
of LP-integrable Fi-measurable random variables, and L°°(F;) the space of bounded F;-measurable
random variables.

Definition 2.2 A process U(t,z), (t,x) € [0,00) X R, is called a forward performance process if

(i) for each v € R, U(t,x) is F-progressively measurable;
(ii) for each t >0, x — U(t,x) is strictly increasing and strictly concave;

(iii) for any 0 <t <T < 0o and any & € LO(F),

U (T,§+ /T T (Oudu + de)) |]—"t] . (2.3)

We will frequently refer to (2.3) as the self-generation property (see [40]). In [36], the forward
performance process U was shown to be associated to the forward performance SPDE

U (t,&) = esssup E
TEA,T)

dU (t,x) = B (t,z)dt +a' (t,x)dW;, t>0andz € R, (2.4)

with the drift 8 given by
E}U (t,z) 0 + ol (¢, x)}2
2 Ugs (t,2) ’

B(t,x) =
and the volatility o = (a!, a?) being an R2-valued F-progressively measurable process. We recall that,
contrary to the classical case, the volatility coefficient serves as a model input.

The optimal control process is, in turn, expressed in terms of the solution to the above SPDE.
Specifically, if there exists a strong solution to

Us (5,X5) 0s + ay (5, X5) 1
dXs = — z Osds +dW;), >0, 2.5
Usa (5, X5) ( s+ s) s (2.5)
and the feedback control
Uz (5, X5) 05 + ol (s, Xs)
= — T >0 2.6
TrS :E:E (S X ) ) S — ? ( )

is in the admissible set A, then 7* is optimal.

Assumption 2.3 The forward performance process U(t,z) satisfies the following conditions:



(i) for eacht >0, U(t,z) € C3(R), z € R;

(ii) U(t,z) satisfies SPDE (2.4) for some wvolatility process a(t,z) with a(t,z) € C*(R) for each
£>0:

(111) U(t,x) is reqular enough such that differential rule
dU, (t,x) = By (t,x) dt + o) (t,x)dW;, t>0 and x € R, (2.7)
holds, where

(U (t,2) 0 + ol (t,2)) al, (t, 2)
Ugs (L, 2)

B (t,x) = (Uz (t,z) 0 + agla (t, 3:)) 0; + (2.8)

1|Us (t,2) 0 + o (¢, :v)‘Q Upaz (t,2)
2 Use (8, 33)|2

3

and, furthermore, the Ito-Ventzell formula can be applied to both U(t,x) and U,(t,x);

(iv) there exist positive constants Cy, C,, and Cy, such that

CZS_MSCU, and g (6 ) <C,, i=1,2.
Ugs (t,2) Ugs (t,2)

Note that C, provides an upper bound for the Arrow-Pratt measures of risk tolerance —U, /Uy,
and 1/Cj provides an upper bound for the Arrow-Pratt measure of risk aversion —U,,/U,.

Next, we recall the convex dual of U, introduced in [18]. For a given forward performance process
U(t,x), its convex conjugate is defined as the Fenchel-Legendre transform of —U (¢, —z), namely,

Ult,z):=sup (U (t,x) —xz), t>0andz>0. (2.9)
T€R

One may readily verify that U (t, z) satisfies:
(i) for each t >0, U(t, 2) € C3(R") and is strictly convex in z;

(ii) the inverse of the marginal utility U, is the negative of the marginal of the conjugate utility U.,

U, (t, —U., (t, z)) =z and —U.(t,U, (t,z)) =z (2.10)

(iii) for t > 0 and x € R, the bidual relation

U (t,2) = inf ((7 (t, 2) + a:z) (2.11)

z>0

holds.

The following relations will be useful in the upcoming analysis. For t > 0 and = € R, we have

Ult,z) =U(t,U, (t,2)) + zU, (t,x), (2.12)
U.. (t, U, (t,x)) = —m, (2.13)



and
i Uzzz (ta I)

Us.. (t,U, (t,2)) = —222 00 2.14
(t, Uz (t,2)) Unn (0.2)) (2.14)
Furthermore, for ¢ > 0 and z > 0,
U(t,z)=U (t, 0. (1, z)) 420, (,2), (2.15)
N 1

Use (t,-U. (t,2)) = ————, 2.16
(602 62)) =~ o (2.16)

and -

it zZzZz t’

Uses (t, 0. (t,z)) _ U b2) (2.17)

(Uzz (t, z))3

Finally, we derive the dynamics of the marginal of the conjugate utility U., which is a key quantity
in establishing the FBSDE representation in Section 3.1. To this end, assume that U. admits the Ito
decomposition

dU, (t,z) = B. (t,2) dt + &) (t,z) dW;. (2.18)

By (2.10), we know that dU,(t,—~U.(t,z)) = 0. Applying the It6-Ventzell formula to the processes
U, (t,z) (cf. (2.7)) and —U,(t, 2) yields

Ba (t, 0. (1, z)) dt + o) (t, ~U, (4, z)) AW — Usg (t, 0. (1, z)) (BZ (t,2)dt + @] (t,2) th)

1 ~
+5Uzaz (t, 0. (¢, z)) \Gs (t,2)) dt — o, (t, 0. (¢, z)) &, (t,2)dt =0,

which, in view of (2.18), implies that

_ Be (t, —U., (t, z)) + $Usax (t, —U., (t, z)) la (¢, z)|2 —a), (t, —U, (t, z)) a, (t,2)

B (t,2) = - (2.19)
(t -7, (t,z))
and }
Ga(t2) = — (1~ - 2) (2.20)
Usa (t, —U. (t, z))
On the other hand, we have by (2.16) that
G- (t2) = —Uss (t,2) i (6,0 (1,2)) (2.21)
and, thus,
s (t,2) = —Usss (1, 2) s (t, ~U, (t, z)) 1. )] ane (t, 0. (¢, z)) . (2.22)
Therefore,
. &, (t, 2
a (t, U, (t,z)) - —#tz)) (2.23)
- (t,—Uz (t,z)) _ e (b2)  Unee(6,2) 6 (t2) (2.24)

U.. (t,z)r (Uzz (tvz))g




Substituting (2.8), (2.16), (2.17), (2.23) and (2.24) into (2.19) yields that

Bet,2) = = Ue (6,2) 200 + 6L, (1,2) 200 + G (1,2) 1 — 5Ues (1,2) 1261 (2.25)
1 ~zzz t,Z ~ 2 dg t,Z dzz t’Z
_5 - ( )2}a§(t,z)| 4 (U)t ( )
Uzz (t, 2)’ zz ,Z)

We conclude by mentioning that it is not clear whether the convex conjugate U satisfies a property
similar to (2.3). This was studied in [40]. We will re-establish this property using the FBSDE approach
in Remark 3.7.

3 Forward performance process with random endowment: an
FBSDE approach

We start by choosing an arbitrary time 7' > 0 at which we introduce a random endowment, denoted
by P € L*°(Fr). We then consider the primal problem

uf (t,6;T) = esssup E
TI'EA[mT]

T
U (T,§+/ T (Budu + dW)) +P>
t

ft], 0<t<Tand¢ecL’(F),

(3.1)
where U(t,x) is a forward performance process governed by SPDE (2.4) with volatility process a =

(al, a?). The associated dual problem is

@” (t,:T) = essint B {U (T, nZ5%) + nZ;qP‘ ]—"t} . 0<t<Tandne L' (F), (3.2)
q [t,T]

where U is the convex conjugate of U given in (2.9), and L%*(F;) denotes the space of the positive
JFi-measurable random variables.

A conventional approach to solving the above primal and dual problems is to first characterize
their value functions, which are expected to solve related backward SPDEs due to the non-Markovian
nature of the model. The corresponding optimal controls for (3.1) and (3.2) are then expressed in
terms of the solutions to these backward SPDEs. However, as we demonstrate in Section 6, the
derivation of the two backward SPDEs for (3.1) and (3.2) is formal, and their solvability is far from
clear.

In this section, we take a different approach by directly characterizing the optimal control processes
for both the primal and dual problems using an FBSDE approach. By substituting the optimal
controls into (3.1) and (3.2), we can in turn obtain the value functions. Our main contributions are
the derivation of two FBSDEs: the primal FBSDE (3.5) and the dual FBSDE (3.14), both of which
provide a means to characterize the solutions for both the primal and dual problems. These two
FBSDEs are closely connected, forming a convex dual relationship, similar to what (3.1) and (3.2)
represent.

3.1 Optimal policy characterization using the primal FBSDE

The first main result is the derivation of both necessary and sufficient conditions for the optimal
control process for the primal problem (3.1) through a primal FBSDE.

10



Theorem 3.1 Let T >0, P € L>®(Fr), and 7% € Ape,7) be an optimal control process of the primal
problem (3.1) with £ € LO(F;), 0 <t <T. Let X* be the solution of (2.1) with 7 being used,

Xri=¢ +/ mof (Qudu+dW,), t<s<T. (3.3)
¢
Assume that i) E[|U, (T, X7 + P)[P] < oo, for some p > 1, and i) for any ™ € Ay 1,

T
Mo (T,§+/ (m2F + emy) (95d3+dW51)+P> ~U(T, X} + P)
t

is uniformly integrable in € € (0,1). Then, there exists a process (Ys)sep,r) with Yr = P such that

Up (8, XX+ Ys) 05 +al (s, X +Y5)
*, P x \9) g s)Ys xz \2 s S 1
s L;E;E (Sw(;‘ }s) 57 == ’

*, P

1
where Z} := %. More precisely, 7" is given by

U (SX+Y)9 —i—al(sX—i—Y)
* P T ) s S s x 9 S s 1
T, = — -7 t<s<T 3.4
s Lzz (57;(5 )s) s ’ ( )

where (X,Y, Z) satisfies on [t,T] the FBSDE

(u, Xy + Yy) 0 + ok (u, Xy +Y3,)
—eo /< Uz (u, X, +Y) +

5 T (0, X, +Y
T
_/ ZTdW,,

with initial-terminal condition (£, P), and X = X* on [t,T].

z;) (Budu + WY,

a2, (u, Xy +Yy)
U;m( ,Xu-i-yu)Z )du (3.5)

Remark 3.2 Using the above FBSDE and the dynamics of U, in (2.7), we obtain

dU, (s, Xs + Y5)
Uspz (8, Xs +Ys) Z2 + a2 (s, Xs + Ys)
Uz (s, X5+ Ys)

=—U,(s,Xs+Y3) (95dW51 - dW2> .

In turn, introducing ¢, defined as the feedback control process

Upr (8, Xs +Ys) Z2 + a2 (s, X + Ys)

% P Tx AN s s x AN s
- t<s<1 3.6
s U, (s, Xs +Y5) ’ =5=5 (3.6)

we obtain
AU, (8, Xs +Ys) = Uy (5, X5 + Ys) (0:dW) + g2 aw?) .

Comparing with the SDE for the state price density in (2.2), we have thus identified a candidate
process for the optimal state price density, namely,
P:UI(S,XS—F}/S), <s<T.
Uz (t,£+Yy)
If the solution component Z* of FBSDE (3. 5) belongs to L% 0t T, then, using Assumption 2.3 (iv),

we deduce that ¢~ € Qi) and, thus, Z4C s a true martingale. This point is used next to verify
that FBSDE (3.5) also serves as a sufficient condition for both the primal problem (5.1) in Theorem
3.3 and the dual problem (3.2) in Theorem 3.5.

t,q"
ZS
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Theorem 3.3 Let T >0, P € L>™(Fr) and £ € L°(F;), 0 <t < T. Let, also, (X,Y,Z) be a solution
to FBSDE (3.5) on [t,T] with initial-terminal condition (&, P) satisfying Z* € L% ,,0lt, T], i = 1,2.
Then, the control process

P Us (5, X + V)0, 4 aj (5, X +Y5)

P o= —-ZY t<s<T 3.7
7TS U;E;E(Squ+Ys) s —S_ K ( )

is optimal for the primal problem (5.1), namely, 7F € Ape, ) and

T
U<T,§+/ mof (eudu+dW5)+P>‘ft
t

=E[U(T,Xr + P)| F],

P6T)=E

with X = X*.

Remark 3.4 When P =0, we obtain

u® (t,&;T) = esssup E

T
U(T,§+/ T (9udu+dw7})>|ft]

TI'E.A[ET]
=U (t,¢), (3.8)
due to the self-generation condition. It then follows directly that the triplet (X,Y,Z) = (X,0,0), with
X satisfying
6‘ +al (u, X,) 1
Oudu+dW, ),
Rl s e e IR
solves FBSDE (3.5). Thus, Theorem 3.3 yields that the control process
1
w;;z—U( Xa) 0 +O‘w(s’XS), t<s<T,
Ugz (8, X5)

is optimal and X = X™ , which aligns with (2.6).

3.2 Primal FBSDE and the dual problem

We demonstrate that the primal FBSDE (3.5) also provides a solution to the dual problem (3.2).
Theorem 3.5 Let T >0, P € L>°(Fr) and £ € L°(F;), 0 <t < T. Let, also, (X,Y,Z) be a solution
to FBSDE (5.5) on [t,T] with initial-terminal condition (&, P), satisfying Z* € L%,,o[t,T], i = 1,2.

Let
f:=U, (t,E+Y;) € LYT(F). (3.9)

Then,

(i) the control process q** defined in (3.6) is optimal for the dual problem (3.2), namely, ¢~F €
Q[t,T] and

iP (t,7;T) =E [U (T, ﬁZ;‘I*‘P) n ﬁz;q*’PP‘ ]—"t}

) [ﬁ(T,Uz (T, X1 + P)) + U, (T,XT—i—P)P‘]-'t} ,

12



(ii) the bidual relation

P . -p P o .
t,&T) = f t,n;T = t,mT
u ( 557 ) HE%SOS’E%}}) (U ( ) 105 ) + 577) u ( ) 105 ) + 577

holds.

The converse side of the above Theorem 3.5 is when the initial state 1 of the density process is
arbitrary, but the initial wealth £ is given as a particular class of initial wealth states depending on 7.

Corollary 3.6 Let T >0, P € L>®(Fr) and n € L% (F), 0 <t <T. Let, also, (X,Y,Z) be a solu-
tion to FBSDE (3.5) on [t, T| with initial-terminal condition (£, P), satisfying Z* € L% ,,o[t, T, i =
1,2 and

§=-U.(t,n) - Y, € L°(F). (3.10)
Then,

(i) the control process ¢** defined in (3.6) is an optimal control process for the dual problem (5.2),
namely, ¢-F € Qi) and

P (t,m;T) = E [U (T, nz;q*’P) + nz;q*‘PP’ }'t]
—E [ﬁ(T, Uy (T, X7 + P)) + U, (T, X1 +P)P‘ ]-'t} ,
(i) the bidual relation

@’ (t,m;T) = esssup (u” (£,§T) —&n) = u” (t,é; T) —&n
€eLO(F)
holds.

Remark 3.7 We establish the self-generation property of U using the above primal FBSDE charac-
terization. When P =0, we know that (X,Y,Z) = (X,0,0), with X satisfying

e (1w, Xu) O + 03 (u, Xo)
s t Uzz (u; Xu)

(Oudu + dW,)

solves FBSDE (3.5) on [t,T) with initial-terminal condition (€,0) with € = —U,(t,n), n € Lo (F)
(see Remark 3.4). Thus, by Corollary 3.6, we have

a? (s, Xs)
o= 2D g < T 3.11
qS U:E (S,XS)7 —_ S —_ ( )

This quantity, which is bounded by Assumption 2.3 (iv), is optimal for a°(t,n;T), i.e.,

@ (t,m;T) = essinf E (. nZ%")]ft] ~E |0 (T, nZ;q*)‘ft] .
q [t,T]

Moreover,

@ (¢, T) = esssup (u” (1,6:T) = €n) =’ (6,6 T) = én.

£EL°(E)

N—
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Note that u®(t,&;T) = U(t,€) for any & € LO(F;) according to Remark 3.4, which implies that
@ (t,;T) = esssup (u’ (t,&T) — &n)
EELO(Fr)

= esssup (U (t,€) —&n)
EELO(Fy)

:ﬁ(tan)'

It then follows that

U (t,n) = 'fIEUT,Z“?}f, 3.12
(t,) = esgint |0 (1.n23)| 7] (3.12)
and, for ¢* in (3.11),

U(tn) =E [U (T, nZ_l‘;q*) ‘ ft} . (3.13)

Hence, we have re-established the self-generation property of U, first proven in [40].

3.3 Dual FBSDE and its relation to primal FBSDE

Having formulated FBSDE (3.5) for the primal problem, we revert to the dual problem and derive an
analogous FBSDE, given in (3.14) below. With a slight abuse of terminology, we will be calling (3.14)
the dual FBSDE.

3.3.1 Optimal state price density characterization using the dual FBSDE

We characterize the optimal control process of the dual problem (3.2) using the dual FBSDE (3.14).
We begin by deriving a necessary condition for the optimal density process through this new FBSDE
and subsequently, we demonstrate that it also yields a sufficient condition for optimality.

Theorem 3.8 Let T > 0, P € L>(Fr) and ¢*% € Qi) be an optimal control process for the dual
problem (3.2) withn € L>*(F;), 0 <t < T. Define Z* := 247" and assume that i) E[|(U.(T, nzZy)+
P)nZ;|P] < oo, for some p > 1, and ii) for any q € Qs 1y,

1~ t,qF+eq > *

- ‘U (T, nZk ) — U (T, nZ})
is uniformly integrable in € € (0,1). Then, there exists a process (f’s)se[tﬂ with Yr = P such that

s = = , t<s<T,

nZ:Uz. (s,n25)

where ZSQ = %. More precisely, ¢=* is given by
*,P:Z§+d§(SaDS) t<s<T

S

DsUzz (Sa Ds) ’
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where (D,Y, Z) satisfies on [t, T] the FBSDE

i Z2 4+ @2 (u,D,
Dy=1— / Dufudw? 4 2t 0 (D) pa )
t Uzz (U,Du)
~ ~ 12
T (1 U,z (u,Dy) |22 ~2 ~2
- 1 222 ) u u Du Uzzz ,Du z ,Du
YS:P+/ 5 z10, - 72 | Gz Du) (. D) &z (1w Du) | g,
| 0. (u, D) Usz (. Du) U.. (u, D)
T~
_ / ZTdw,,
’ (3.14)

with initial-terminal condition (n, P), and D =nZ* on [t,T].
Remark 3.9 For (D,Y,Z) satisfying FBSDE (3.14), we use the dynamics of U, in (2.18) to obtain

d (ﬁz (s, Ds) + Y) = (@; (s,Dy) + Z1 — U, (s, D) DSGS) (6ds + dW1)
= -5 (0,ds + dW})), (3.15)
where ~ ~
7P = U,, (s,Ds) Dsfs — &} (s,Ds) — Z!, t<s<T. (3.16)
Using (2.10), (2.16) and (2.20), we may rewrite 7 as a feedback control of density D,

P ol (8, -U, (S,Ds)> - Uy (s, —U, (S,DS)> .
S (S_U (SvDs)) Uss (s—U (s,DS)) s %er T2ES S

Hence, if the solution components Zi, i = 1,2, belong to JLQBMO [t,T], then by Assumption 2.3 (iv),
we have that mF € Aje - Consequently, 7P is a candidate optimal control process for the primal
problem.

We next demonstrate that FBSDE (3.14) also serves as a sufficient condition for the optimality of
the density process.

Theorem 3.10 Let T >0, P € L°°(Fr) andn € LY (F;), 0 <t < T. Let, also, (D, Y, Z) be a solu-
tion to FBSDE (5.14) on [t, T] with initial-terminal condition (n, P), satisfying Z* € L% ,,5[t,T], i =

1,2. Then, the control process

52 | 52
*7P;:M, t<s<T,
DsUzz (57D5>

is optimal for the dual problem (3.2), namely, ¢** € Q.1 and

@’ (t,);T) =E {U (T7 antp’q*’P) + antr’q*’PP} ft}
—E {U(T,DT)JFDTP‘E} ,

with D =nZ*.
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3.3.2 Dual FBSDE and the primal problem
The dual FBSDE (3.14) can be also used to characterize the solution of the primal problem (3.1).
Theorem 3.11 Let T > 0,P € L®(Fr) and n € LOH(F,), 0 <t < T. Let, also, (D,Y,Z) be a

solution to FBSDE (3.14) on [t, T| with initial-terminal condition (n, P) satisfying Z' € L%,,0t, T),
1=1,2. Define

§i==U.(t,n) =Y, € L°(Fy). (3.17)
Then,

(i) the control process 7T defined by (3.16) is optimal for the primal problem (3.1), namely, 7*F €
Ay and
[t,T]
ft]

uf (t,é;T) =E

T
U (T, £+ / Tl (Oudu + dW)) + P>
t

_E [U (T, U, (T, DT))‘E} ,

(ii) the bidual relation

@ (L T) = esssup (u” (1,6 7) —&n) =u” (66 T) —én
EELO(Fy)

holds.

The converse side of Theorem 3.11 is when the initial wealth £ is arbitrary, but the initial state 7
is specified as a particular class of initial states for the density processes, depending on £. Its proof
closely resembles that of Lemma 3.6 and is therefore omitted.

Corollary 3.12 Let T > 0,P € L>®(Fr) and £ € L°(F;), 0 <t < T. Let, also,~(D,1~/, Z) be a solu-
tion to FBSDE (3.14) on [t, T) with initial-terminal condition (f), P) satisfying Z* € L% o[t T), i =
1,2 and

i=Us (L€+T1) € L (7).
Then,
(i) the control process 7 defined in (3.16) is optimal for the primal problem (3.1), namely, 7*F €

A, and

u? (t,6T) =E Fi

T
U (T,é+/ 7ol (0 du + dW)) +P>
t

-E [U (T, U (T, DT)) ‘ }}] :

(ii) the bidual relation

P . - p P, oA A
t,&T) = f t,n;T = t,mT
u ( 557 ) HE%SOS’E%}}) (U ( ) 105 ) + 577) u ( ) 105 ) + 577

holds.
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3.3.3 Relations between the primal and dual FBSDEs

The primal FBSDE (3.5) and the dual FBSDE (3.14) form a convex dual pair. Their relationship is a
direct analogue to the convex duality between the primal problem (3.1) and the dual problem (3.2).

Proposition 3.13 Let T > 0, P € L™(Fr) and n € Lot (F;), 0 <t <T. Let, also, (D,Y,Z) be a
solution to FBSDE (3.14) on [t, T| with initial-terminal condition (n, P), satisfying Z* € L%,,0[t, T},
i =1,2. Assume that the conditions in Theorem 3.1 hold, with —U., (T, Dr) in lieu of X+ P, namely,
i) B[|U(T, —U.(T, Dr))|?] = E[|Dr|?] < oo, for some p > 1, and ii) for any 7 € A,

1
€

T
U (T,—f]z (T, DT)+5/ T (eudu+de)> U (T,—Uz (T, DT))
t

is uniformly integrable in e € (0,1). Then, for & defined in (3.17), the triplet (X,Y,Z) given, for
t<s<T, by

X, :=-U.(s,Ds) — Y,
Y, =Y,
Lg = Zs,
is a solution to FBSDE (3.5) on [t,T] with initial-terminal condition (€, P).

Proposition 3.14 Let T >0, P € L°°(Fr) and £ € L°(F;), 0 <t < T. Let, also, (X,Y,Z) be a so-
lution to FBSDE (3.5) on [t, T) with initial-terminal condition (¢, P), satisfying Z' € L% ,,6[t, T, i =
1,2. Assume that the conditions in Theorem 3.8 hold, with U, (T, Xt + P) in lieu of nZ}., namely, i)
E[|X7U,(T, X1 + P)|P] < o0, for some p > 1, and ii) for any q € Q. 1,

1|~ 1
5 U (T, U, (T, X1 + P)exp (—fthqude — §ftT lequ|® du — ftTEqqu’Pdu)>

—U(T,U, (T, X1 + P))}
is uniformly integrable in € € (0,1). Then, for 7 defined in (5.9), the triplet (D,SN/7 Z) gien, for
t<s<T, by
Ds = U;E (SaXs + sz)a

is a solution to FBSDE (3.14) on [t,T] with initial-terminal condition (7}, P).

3.4 The case of complete market with random endowment

We discuss the complete market case, where both the primal FBSDE (3.5) and the dual FBSDE (3.14)
admit closed form solution. More general cases are deferred, due to the length of their exposition, to
the companion work [29]. To this end, assume that the Brownian motion W is one-dimensional and
that F = (F)i>0 is generated by W. Hence, the controlled state equation (2.1) becomes

dXZT:ﬂ't (tht—i-th), tZO, XS-ZIGR

Due to market completeness, there exists a unique state price density process given by

t t
5(—/9dw> = exp <—1/ |9u|2du—/ euqu), t>0,
t 2 0 0

where, we recall, § is a bounded F-progressively measurable process.
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3.4.1 Primal FBSDE
Since W?2 = 0, the solution component Z? in FBSDE (3.5) vanishes and (3.5) reduces to

X.—¢ /S Uy (u, X + Y2) 0 + g (u, Xy + Y3)
° t Umm (quu+Yu)

+ Zu) (Oudu + dWV,,)

T 7 (3.18)
Y, = P—/ Zu0udu—/ ZydW,,.
The above BSDE admits a unique solution (Y, Z) with
E(—J0awW
Y, = uP 5| =EY [P|F), t<s<T, (3.19)
& (~ Joaw),

where QP is the unique equivalent martingale measure defined by

4 = £ <—/9dW>T. (3.20)

dP
We also have Z € L%,,,[t,T| by the a priori estimates of the BSDE (see, for example, [39, Section
7.2]). Hence, if X is the solution to the SDE in (3.18) with Y in (3.19) and Z; = dO/L’iZV)S, then we

obtain, by Theorem 3.3, that the control process
P Up (8, Xs +Ys) 05 + 0z (5, X5 +Y5)

= Zy, t<s<T,
s Use (5, X5 + Y5) =7=

is optimal for the primal problem (3.1). Furthermore, by Corollary 3.6, we have that ¢** = 0 is the
optimal control process for the dual problem (3.2).

3.4.2 Dual FBSDE

Analogously, the solution component Z2 in FBSDE (3.14) vanishes, and (3.14) reduces to

T
D, :77_/ Dueuquu
~ ST ~ T ~
Y, :P—/ Zu0udu—/ ZudW,,.
It is then straightforward to check that there exists a unique solution given by
D =€ (—[0dW) _,
Y, =Y, =EY [P|F), t<s<T,

and Z =7 € L2BMO [t, T]. Therefore, Theorem 3.10 yields that ¢*¥ = 0 is the optimal control process
for the dual problem (3.2). Furthermore, Corollary 3.12 yields that the control process

mo = U (8,7€ (= [0dW) ) € (— [0dW) 05 — . (s,7E (— [0dW) ) — Zs, t<s<T,

is optimal for the primal problem (3.1) with 7 := U,(t, ¢ + E®’[P|F]).
Finally, we deduce, using Proposition 3.13, that X, given by

X, = U, (s, U, (t,§+ £’ [P|]-"t]) £ (—f@dW)S) B [PIF), t<s<T,

is the solution to the SDE in (3.18) with initial condition X; = &.
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3.5 Maturity independence of the value functions in forward performance
process with random endowment

We now set the ground for the upcoming notion of forward OCE by pointing out the fundamental
maturity-independence property of the value functions u”(¢,&;T) and @ (¢,m; T). Recall the primal
problem (3.1), rewritten below for convenience, in a slightly different form and with some abuse of
notation, u? (t,&;T) = ufr (t,&;,T), where, for 0 < T < T,

ufT (t,&T") = esssup E
ﬂ'EA[t,T/]

T/
U (T'é*/ T (Qudu + dW,) + PT>
t

ft] : (3.21)

We essentially parameterize the value function by the time 7" that the random endowment Pr arrives
as well as by T” at which we set the forward performance criterion. Problem (3.21) can be then thought
as a classical expected utility maximization problem in [¢, T'] with terminal random utility U (7", x)
and random endowment Pr received at time 7. We now claim that 7 (t,&; T') is independent of T’
in the sense that the horizon-invariance/maturity-independence property

uPT (& T) = w7 (6T

holds. Note that the above property cannot hold for any 77 > T in the classical setting due to the
pre-chosen, arbitrary but fixed, terminal horizon at which the (static) utility is allocated. We state
the general result next.

Proposition 3.15 Let T' > 0, Pr € L>®(Fr) and t < T < T'. Assume that SDE (2.5) admits a
strong solution on [T, T'] with initial condition Xp = —U,(T,nZ%9) for any q € Qi1 Then,

at™ (t,mT) =" (¢,m; T'), forne LOF(F). (3.22)

If, furthermore, FBSDE (3.5) admits a solution (X,Y,Z) on [t,T] with initial-terminal condition
(&, P) satisfying Z' € L% 0[t,T), i = 1,2, then,

ufT (4,6 T) = ol (4,6T"), for &€ € LY(Fy). (3.23)

Reverting to uf (t,&;T), i.e., when T = T’, we see that the dependence on T is generated exclu-
sively by the fact that this is the arrival time of the random endowment. This then motives us to
introduce the following notion of endowment maturity which will be useful in building a universal
framework across all times. Consider random endowments in the general space L defined by

L :=Up>oL>™(Fr).
For any random endowment P € L, we define its maturity by
Tp :=inf {t > 0: P is F;-measurable} . (3.24)
In turn, the value functions u” and @* can be defined as

u® (t,6) = u” (t,&Tp)

= esssup E
ﬂGA[t,TP]

Tp
U <Tp,g+/ Tu (Budu + dW,) + P) | ft] , 0<t<TpandfeL(F),
t

(3.25)
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and
@t (t,n) = a” (t,m; Tp)

~ cgsinf E 0 (Tp,nzi0) + nZl}I‘jP‘ F|, 0<t<Tpandyel®*(F),  (326)
q [t,Tp]

which only depend on the random endowment itself.

The above property essentially allows us to define the value functions u”(¢,¢) and @t (¢,1) no
matter what the maturity of the random endowment is. We stress that this does not imply that u” (¢, £)
and %% (t,n) do not depend on when the endowment arrives, an obviously wrong statement. Rather,
it expresses how problems (3.25) and (3.26) can be well-defined for all times and all endowments
using the flexible forward performance framework. Once more, note that in the classical framework
this cannot be done as the entire optimization problem is tied down to the a priori chosen terminal
horizon.

This “maturity-independent” construction was first developed in [41] and, later in [13] for forward
entropic risk measures. It will also play a fundamental role in the new notion of forward optimized
certainty equivalent that we develop next.

4 Forward optimized certainty equivalent

The concept of optimized certainty equivalent (OCE) was first introduced by Ben-Tal and Teboulle
in [5] and yields a valuation criterion rooted in expected utility theory. It is a static criterion, defined
through the (static) optimization problem,

S (P):= ilelg (Efu(P—r)]+71), (4.1)

where v is the utility of the investor and P is a random endowment. Essentially, the OCE represents
the optimal split of funds if the investor has the option to choose to spend a portion r of the random
endowment, and receive the present value of this r plus the expected utility of P — r.

One of the key results established by Ben-Tal and Teboulle in their followup work [6] is a dual
representation for OCE, which we recall next. Let @ be the convex conjugate of u, namely, @ (z) :=
sup,cg(u () — xz). Then, the OCE of P admits the dual representation,

S (P) = inf (E%[P]+1a(Q.P), (4.2)

where Q is the set of probability measures equivalent to P, and I5(Q,P) is the associated penalty

function, defined as
_ (dQ

In the context of risk measures, the quantity p(P) := —S(P) turns out to be a convex risk measure
for P and admits the dual representation

p(P) = sup (E®[-P] - I (Q,P)),
QeQ

also known as a divergence risk measure (see [11]).

A challenging problem, which we attempt to address herein, is how to produce a genuinely dynamic
extension of OCE in (4.1). Specifically, we are interested in building a valuation framework that is
viable for all claims and all maturities and, furthermore, yields time-consistent OCE.
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We face several difficulties here, both conceptual and technical. Firstly, it is not clear how the
static valuation rule (4.1) should be modified across times. The obvious choice to merely replace the
utility w by a utility, say U, at a given future horizon 7', will not work as it will generate, to say the
least, similar difficulties with the ones we face in the random endowment and the indifference valuation
settings. Among others, such a framework will neither allow for valuation beyond T', nor will allow
for adaptive model revision. One may naively propose to work in an infinite horizon to avoid horizon
limitations. However, this will introduce very stringent constraints on a pre-chosen market model in
[0, 00).

As mentioned in the Introduction, efforts have been made to build dynamic extensions of OCE.
Recently, Backhoff-Veraguas et al. (see [7] and [8]) proposed a dynamic version working with the
convex dual and, in addition, introduced an additional variable to guarantee time-consistency. This
approach can be compared with the convex dual representation of dynamic risk measures in [15].
However, the related OCE will be bound to the fixed horizon T as we mentioned earlier.

4.1 OCE as the convex conjugate of utility maximization with random
endowment

Before we introduce the forward OCE, we provide a key observation which, to the best of our knowl-
edge, has not been employed so far. It interprets the existing static OCE via the value function of the
conver dual of a utility maximization problem with random endowment.

To this end, note that the OCE of the random endowment P € L (Fr) can be rewritten as

S(P)= iléﬁ (E[u(xz+ P)] —z) with x = —r.

Let us then consider the utility maximization problem with the random endowment P,

vP (@)= sup  Efu(Xr+ P),
Xr€eLO(Fr)

under the constraint E2 [X7] < « for all equivalent martingale measures Q, and X7 being the terminal
wealth generated by trading strategies with initial wealth x € R. If we assume that, for any X €
LO (‘FT)v

X7 is independent of P and E[X | = z, i.e., P itself is a martingale measure, (4.3)

then, by Jensen’s inequality, we have
E[u(Xr + P)) = E [Efu(Xr +p)]|,p]

<E|u(E[Xr +p])l,—p]
=Eu(z+ P)].
In other words, we obtain that the optimal wealth is given by X7. = x, and the value function is given

b
' vP (z) = E[u(z + P)].

Therefore, S(P) can be expressed as the convex conjugate of v* at value 1,
S(P)=sup (v (z) —z-1) = (’UP)* (1), (4.4)
z€R

where (vF)* represents the convex conjugate of the value function v¥. In other words, S(P) can be
seen as the convex conjugate, evaluated at value 1, of a utility maximization problem involving P as
the random endowment in an auxiliary financial market that is orthogonal to this random endowment.

In this setting, the optimal policy involves holding only the riskless asset, so that X} = x.
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4.2 Forward OCE

We are now ready to introduce the novel concept of forward OCE, which, to the best of our knowledge,
is new. The definition makes full use of the key observation above and employs the suitable primal
and dual forward counterparts of the static utility in (4.1) and (4.2).

Definition 4.1 Let T > 0 be arbitrary and fized. The forward OCE of P € L*(Fr), at time

0<t<T, is defined by
T
U <T,§+/ Tu (Qudu + dW,}) +P> —577),
t

F(t,n, P;T):= esssup (uP (t,&T) —577)
where n € LY%%(F;) and satisfies E[n] = 1. In particular, at t = 0, we define F(P;T) by

EELO(F)
F(P;T):=F(0,1,P;T)
T
U <T,x+/ Tu (Oudu + dW,,) +P> —x) .
0

It is worth noting that the dual variable 7, which is used to determine the forward OCE of P,
can be naturally interpreted as a deflator, serving to convert nominal values of current wealth &
into real values. A similar concept has been explored in [7], albeit without the context of utility
maximization. The forward OCE represents the result of an optimal dynamic allocation of funds. An
investor faces the choice of saving a portion of their current wealth £ at time ¢ in addition to the
random endowment P at time 7. The consequence of this decision is a sacrifice in the real value due
to reduced spending, which amounts to &n. Thus, the forward OCE at time ¢ mirrors the optimal
balance between maximizing the forward performance process from the saving amount of £ at time ¢
alongside the random endowment P at time T and reducing spending due to this saving choice. In
the newly defined framework for forward OCE, we introduce an associated auxiliary financial market
where the underlying asset can be utilized to partially hedge the risk associated with P. In contrast,
in the classical OCE framework, this auxiliary market is assumed to be orthogonal to P, rendering
its hedging efforts futile.

Similar to the classical OCE, we also obtain the following dual representation for the forward OCE,
which follows from Theorems 3.10 and 3.11.

Theorem 4.2 Let T > 0, P € L®(Fr) and n € L%t (F,) with E[n] = 1. Let, also, (D,Y,Z)
be a solution to the dual FBSDE (3.14) on [t,T] with initial-terminal condition (n, P) satisfying
YANS LQBMO [t,T], i =1,2. Then, the forward OCE of P at time t admits the dual representation

Fi
EELO(Fy) \TEA,T]

= esssup <esssupE

=sup sup E
z€R 71’6./4[01'1-]

F(t,n, PiT) = essinf E [(7 (T, nZ49) + nz;qP’ ft} L 0<t<T,
qELt, 1)

*, P

and the corresponding optimal control ¢** is given by

22 ~2 D,
*ngzL(s’), t<s<T.
Ds Uzz (87 Ds)
In light of Proposition 3.15, we obtain directly the maturity-independence property of the forward
OCE.

Proposition 4.3 Let 0 <T <T’, P € L™(Fr) andn € L (F;) with E[n] =1, 0 <t < T. Assume
that SDE (2.5) admits a strong solution on [T,T'| with initial condition X1 = —U,(T,nZy?) for any
q € Q7). Then,

S

F(t,n,P;T)=F (t,n,P;T).
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4.2.1 Connection with the classical (static) OCE

We discuss how the forward OCE relates to classical OCE. Firstly, note that the two assumptions in
(4.3) play a crucial role in transitioning from the perspective of utility maximization to the classical
OCE definition. These assumptions involve the orthogonality between the market and the random
endowment, as well as the exclusive use of the riskless asset as the optimal policy.

In the context of the forward performance framework, we need to consider the counterparts of
(4.3), which ultimately lead to the recovery of classical OCE. Specifically, we assume the following
conditions in the forward performance framework:

(i) the market price of risk 6 = 0;
(ii) the random endowment P € L°°(F2), where F? = (F7?):>0 is the natural filtration of W?;
(iii) the volatility component a! = 0 in the forward performance SPDE (2.4).
Under the above assumptions, the dynamics of the forward performance process U are
dU (t,x) = o (t,x) dW2. (4.5)
Additionally, the value function in (3.1) takes the form:

T
U<T,§+/ wudW5+P>
t

From Theorem 3.3, we deduce that if (Y, Z?) is a solution to the BSDE
T 2 T
1Usoa (u, €4 Yu) | 012 | 02p (U, 6+ Y0) o / 2 71172
Y,=P s Lzoe WS T ) 212y Qe WS T Tu) g2 g [ 222,
v (2 U € 1 V) |20l T T ugr v 2e) = ), 2

namely, (£,Y, (0, Z?2)) solves FBSDE (3.5) under assumptions (i)-(iii), then the control process 7*¥ = 0
is optimal for u?(¢,&;T). Thus,

u (t,6T) =E[U (T,€ + P)| F],
and the forward OCE of P at time ¢ is given by

F(t,n,P;T)= esssup (E[U(T,£+ P)|F] —&n).
EELO(Fy)

uf (t,&;T) = esssup E
TI'E.A[ET]

ft], 0<t<Tand¢cL’(F).

In particular, at ¢ = 0, we have

F(P;,T)= SIGIE E[U(T,z+ P)] —x)

:SEE(E[U(T,P—T)]-FT‘).

Thus, if, furthermore, the volatility component o? = 0, then U(t,z) = u(z) and the forward OCE
coincides with the classical OCE, F (P;T) = S (P).
Under assumptions (i)-(iii), we have a more explicit form of the dual representation,

(e W), E( ),
Y (T’”e <—fqdw2>t> FIEC Jaaw?), " f‘*] |

5(—/qu2> 1= exp (—1/ |qu|2du—/ qudW3>.
s 2 Jo 0

In particular, at ¢ = 0, we have

F(P;T) = f R [U (T,€ (= fqdW?),) + & (— [qaW?),, p} .

F(t,n,P;T) = essinf E

q€Q[t, ]

where
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4.2.2 Properties of the forward OCE

We conclude this section by presenting several key properties of the forward OCE. The proofs easily
follow from the properties of the forward performance process. We first introduce a modification of
the forward OCE through normalization. The normalized forward OCE, denoted by F(t,n, P;T), is
defined as follows:

F(t,n,P;T):=F (t,n,P;T)— F (t,n,0;T). (4.6)

Proposition 4.4 Let T > 0 be arbitrary and fized, and n € L%*(F,) with Eln] =1, 0 <t <T. Then
the (normalized) forward OCE has the following properties:

(i) Monotonicity: for P* € L>(Fr), i =1,2 and P* > P2,
F(t,n, P T) > F(t,n, P T).

(i1) Cash invariance: for P € L (Fr) and ¢ € L™(F),
Ft,n, P +¢T) = F(t,n, P;T) +ne.

(iii) Concavity: for P* € L>(Fr), i = 1,2, and X € (0,1),
AF (t,n, P5T) + (1= A) F (t,n, P;T) < F (t,n, PX;T),
where P := AP + (1 — \)P2.

(iv) Replication invariance: for P € L*(Fr) and for any ™ € Ap 1,

T
F(t,n,P—l—/ Tu (9udu+dWi);T> = F(t,n,P;T).
t

(v) Positivity: for nonnegative P € L*>(Fr), F(t,n, P;T) > 0.
(vi) Constancy: for c € L>°(F),

F(t,n,¢T)=nec.

Remark 4.5 The normalized forward OCE F defined in (4.6) satisfies Proposition 4.3 and Propo-
sition 4.4 (i)-(w). Furthermore, for the exponential forward performance process, this normalized
forward OCE aligns with the negative of the forward entropic risk measure, which will be discussed in
Section 5.4.

5 Exponential forward performance process in a single stochas-
tic factor model with random endowment

We analyze exponential forward performance processes. In contrast to the complete market case
presented in Section 3.4, where explicit solutions are available, the case of exponential forward perfor-
mance processes leads to an incomplete market. To characterize the exponential forward performance
process, an ergodic BSDE can be utilized, as described in [31]. Following this work, Chong et al. [13]
studied the corresponding exponential forward utility maximization with random endowment and its
application to forward entropic risk measures.

In this section, we demonstrate that the general results derived in Section 3 cover the exponential
results in [31] and [13] as a special case. Additionally, the newly proposed forward OCE aligns with
the negative of the forward entropic risk measure.
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5.1 Single stochastic factor model

The single stochastic factor model, taken from [31] and [13], assumes that the stock price process

follows
dS;

S

where 1 and ¢ > 0 are deterministic functions. The stochastic factor solves

=pu(Vi)dt+o (V;)dW}, So=8>0,

Vi =y (Vi) dt + (pdW} + VT= 2dWZ), Vo=veR, pel01].
The controlled state equation (2.1) then becomes

dX] =m (0 (Vy)ds +dW}),

with 6 (v) := gEZ% As in [13] and [31], we introduce the following assumptions:

(i) there exists a large enough C' > 0 such that
(n(0) =0 (W) (v =) < =Clo—v'[*;

(ii) € is uniformly bounded and Lipschitz continuous.

5.2 Ergodic BSDE representation for exponential forward performance
process

Due to the homothetic property of the exponential forward performance process and the single stochas-
tic factor Markovian setup, SPDE (2.4) actually simplifies to an ergodic BSDE, derived in [31]. Indeed,
consider the ergodic BSDE

e,2
Zt

2
+ )\t> dt + (Z¢) " aw. (5.1)

a1 1
ave = (00 2+ Flo v -

We easily deduce that it admits a unique Markovian solution (Y}, Z¢, A) = (y¢(Wi), 2¢(Vi), A), t > 0,
where y° : R — R has at most linear growth and z¢ : R — R? is bounded. Then, the process given by

Ul(t,o) = —e 7@HYE2 5 50 (5.2)

is an exponential forward performance process. It provides a solution to SPDE (2.4) which takes the
form

dU (t,z) = B (t,z)dt +a' (t,x) dW;
with drift ) )
B(t.x)=5U(t.x) |0 (Vi) + 27"

and volatility _ .
o (t,x) =U (t,x) Z;", i =1,2. (5.3)

Moreover, the optimal control process 7* in (2.3) is given by

0 (Vi) + 28!
R

*7
Ty =

It follows that the process U in (5.2) satisfies all the conditions in Assumption 2.3.
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The ergodic BSDE (5.1) can be also used to characterize the convex conjugate of U, which takes
the form } s 2 s s

Ut,z)=——+4+—In— —— (Y- )\t). 5.4

(t,2) Stoms -3 (Y = A1) (5.4)

It is then straightforward to verify that U satisfies the dual SPDE
dU (t,z) = B (t,z)dt + &' (t,z) dW;
with drift

z e1|?
Bltz) =5 o)+ 2" i

z
—|Z¢€

and volatility

a(tz)=a (t, U, (1, z)) - —gz:. (5.5)
In turn, the primal problem (3.1) and the dual problem (3.2) simplify, respectively, to
uP (t,&T) = esssup E {_e—y(gﬂ;r ﬂu(e(vu)du+dwi)+P)+Y;—AT‘ }-t] (5.6)
ﬂ'EA[t,T]

= e %P (1,0, T),

and
t, t, t, t,
_nZgt | nZgt ozt ozt

a® (t,m;T) = essinf E
Y v Y

Yf — AT) +nZ77P
9Oy 11 (Y7 ) nsr

Fi

1
=na® (t,1;T) + —nlnn.
Y

5.3 FBSDEs for the primal and dual problems

For this class of exponential forward performance processes, both the primal FBSDE (3.5) and the
dual FBSDE (3.14) decouple. Specifically, (3.5) reduces to

S0V + 25!
Xs:§+/ (M_z;) (6. (V) du+ dW),
t Y (5 8)
T ~y 9 T .
yS:p—/ (Z;H(Vu)+§\zg\ —ng225) du—/ ZTdW,.

S

Recalling Theorem 3.2 in [13], we know that there exists a unique solution (Y, Z) with Y being bounded

and Z' € L%,,0[t,T], i = 1,2. Then, by Theorem 3.3, the optimal control process for u”(¢,&;T) is

given by

p_O0(Vs) + 2!
Y

Moreover, applying Corollary 3.6, we also derive the optimal control process for @ (¢,n;T), which is

given by

— 7, t<s<T (5.9)

*7
Ts

¢ =72 -7%% t<s<T. (5.10)
On the other hand, the dual FBSDE (3.14) reduces to

Dy =1 — /TDu (9 (Vi) AW + (725 - 25)2) de) :

- T /. 2 . T,
YS:P—/ (Zie(vu)+% 72 —Zfﬁzg) du—/ ZTdw,.

S
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Z) = (Y,Z). Then, from

We note that above BSDE coincides with the one in (5.8), namely, (Y,
;T) is

Theorem 3.8, we have that the optimal control process ¢** for @ (¢,n
¢F =122 -2 t<s<T,

which aligns with (5.10). Moreover, by Corollary 3.12, the optimal control process 7% for u®'(t,&; T)
is

which aligns with (5.9).
Finally, we derive the explicit forms of the value functions uP (t,&T) and 4% (t,n; T) using the
explicit representations of U in (5.2) and U in (5.4). First, observe that

U(t,x) = —%Ux (t,x).

In turn,
1
uf (4,6 T)=R[U (T, X1+ P)| F] = —;E (U, (T, X7 + P)| F] .

It follows by Remark 3.2 that U, (s, X5 + Y5) is a true martingale, which implies that
1
U‘P (tvg; T) = _;Uw (t7§ + Y;f) .

Next, note that

and, as a result,

@ (s T) =’ (6=0 (tm) = Vs T) = (=0- () = Yi) n

=20, (10 (tn)) = (<0 (o) = i)
= —%Jr (Uz (tﬂ7)+Yt)n
=U (t,n) + nY,. (5.11)

5.4 Forward OCE under exponential forward performance process

We discuss the associated normalized forward OCE, defined in (4.6), and demonstrate its direct
connection with the negative of the forward entropic risk measure introduced in [13].

For T > 0, P € L*(Fr) and stochastic deflator n € L% (F;) with E[n] = 1, 0 < t < T, the
definition of the normalized forward OCE in (4.6) and Theorem 4.2 yield that

F(t,n,P;T) =" (t,0;T) =@’ (t,n;T)
= ﬂ’P (tuan) - U(tun)a
where we used that @°(t,n; T) = U(t,7), as it follows from Remark 3.7.

On one hand, as shown in (5.11), the expression of the normalized forward OCE in terms of the
solution component Y of FBSDE (5.8) is given by

F(t,n, P;T) = nY;. (5.12)
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This result is one of the major findings established in [13, Theorem 3.2]. Indeed, by choosing a
deterministic deflator 7 = 1, we observe that the primal representation (5.12) for the normalized
exponential forward OCE is actually the negative of the forward entropic risk measure,

where, according to [13, Definition 3.1], p is defined as the utility indifference price of P, namely,

Ut,z)=u’ (t,x+p(t,P;T)), 0<t<T.

On the other hand, using the dual representation in (5.7) yields

2 InZp?  Y§-— AT
F(t,n, P;T) = essinf B | nZp! | =21 — L0 4 P | F| + 2 (Y = M)
q€Q[t, 1] y v ¥
o | InZh%  YE—- AT
=1 essinf B¢ | 22T _ 7T +PlF|+ Ty -, (5.13)
€ Q. 1) ol ¥ ~
where 10
—| =2zp"
ap |~ T
Note that
1 T 2 2 T T
an}’q — 5/ (|9(Vu)| + |qul )du—/ Q(Vu)dW5’9 _/ qudqu,
t t t
with

(AW, 0, dW ) := (AW, + 6 (Vi) du, dW + qudu),
and, in accordance with the ergodic BSDE (5.1), we have

T
1 1
Y- AT =Y — M +/ (5 |6 (Vu)|2 -3 ‘25,2’2 _ Z§72qu> du,
t

T T
+ / zetawl? + / Z&2dW2,
t t

As a result, the dual representation (5.13) can be expressed more explicitly as

F (t,n, P;T) =n essinf EY

q€Q[t, 1]

1 T 2
P+—/ |Z&? + qul” du
2y Jy

]—'t] , (5.14)

which is the negative of the dual representation for the forward entropic risk measure established in
[13, Theorem 3.5] for n = 1.

6 Backward SPDEs for forward performance processes with
random endowment

To conclude the paper, we briefly discuss how to tackle the primal problem (3.1) and the dual problem
(3.2) by directly characterizing their value functions in terms of the solutions of backward SPDEs.
We also explore how to use these backward SPDE solutions to construct the solutions of the primal
FBSDE (3.5) and dual FBSDE (3.14). Since the solvability of the corresponding backward SPDEs is
far from clear, the discussion that follows is formal.
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6.1 Formal derivation of backward SPDEs

For given T' > 0 and random endowment P € L (Fr), recall the value function for the primal problem
(3.1),
uf (t,z;T) = sup E[U(T,XF+P)|F:,XF =2], 0<t<Tand z€R. (6.1)
WGA[t,T]

Assume that u” is strictly increasing and strictly concave, admits the Ité-decomposition
T
du” (t,z;T) =" (t,2;T) dt + (a” (t,;T)) dWi,

and is regular enough for the upcoming calculations to hold. Then, applying the It6-Ventzell formula
yields

1
P (0 X5T) = (0 (0 XE ) 4 (i (6 XET) 0+l (0 X7 T) mct gl (0. X5 T) )

+ (a6, X5 T) +ul (6, X7 T) ) dWE + a2 (¢, XT3 T) dWE.

Following the standard martingale optimality condition (as described, for example, in [31]), we
select the drift b¥(¢,z;T) to ensure that uf (¢, X[;T) is a supermartingale for any 7 € Ap, ) and a
martingale for an optimal control process. This yields

1
bP (t,2;T) = — sup (—uP (t,z;T) |x|* + (uf (t,2;T) 0, + o' (t,2; 7)) w)

TeER™ 2"
1 |uf (t,2;T) 6y + aD (t,x;T)‘2
2 ub (t,z;T) ’

with the above optimum given by

ul (t,2;T) 0, + alt (t,2;T)

*, P
Pt o T) = — 6.2
o) L (i) (02
Thus, u” is expected to satisfy the backward SPDE
2
U|ul (t,2;T) 0, + a2t (t,2;T)| T
du® (t,2;T) = - - Ll dt+ (af (t,2;T)) AW, 6.3
vhEh =3 uF, (6 T) e s W (0:3)
with terminal condition
u? (T,2;T) =U (T,z + P). (6.4)

Note that, different from the SPDE characterization (2.4) of the forward performance U where the
volatility is a model input, (6.3) is a backward SPDE with the volatility a” being part of the solution.
Differentiating (6.3) in z yields

duf (t,z;T) = bF (t,2;T) dt + (af (t,x;T))—r dWy, 0<t<T and x € R, (6.5)

with terminal condition
uf (T, 2;T) = U, (T,z + P), (6.6)
where
(uf (t,z;T) 0 + alt (¢, z; T)) all (t,z;T)
ul, (t,2:;T)

b (t,2;T) = (ul (¢, 2;T) 0y + ot (t,2;T)) 6, + (6.7)

1|l (t,2;T) 6, + aP (t,2;T) " ulyy (1,23 T)

TXT
2
Jugy (6,2 T))|
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Next, we define the convex conjugate of u®,

P(t,2;T) := sup (uP (t,z;T) — xz) .
R

We know that u” and @ satisfy the same relations (2.10)-(2.17) as U and U do. As in Section 2.2,
we have the dual relation

ul (t,—al (t,27);T) = =, (6.8)
where 4! satisfies the backward SPDE
dilf (t,2,T7) = bF (t, 2 T) dt + (aF (t,2T)) " dW, (6.9)
with R
al (T,2,T)=U, (T,2) + P, (6.10)

and drift given by

bP (6,2 T) = —al (t,2;T) 2 |0:> + @l (¢, 2, T) 20, + alt (¢, 2, T) 0, — L al  (t,2T) |20,

2 ZZZ
a2 (t,z;T)ab? (t,2;T)
af, (t,27T) '

Lal, (t,xT) a2 (¢

2|aL. (t, 2 7))

ZZZ

t,2T)[

+ (6.11)

6.2 Primal backward SPDE and FBSDE

We will use backward SPDE (6.5) for uf to construct a solution of the primal FBSDE (3.5) and
an optimal control for the primal problem (3.1) as well as the corresponding quantities for the dual
problem (3.2).

Proposition 6.1 Let w be a solution to the backward SPDE (6.5) satisfied by ul , namely,

x ’

dw (t,r) = h(t,x)dt +d" (t,z)dW;, 0<t<T andz € R, (
6.12)

w(T,z)=U, (T,z+ P),

where

)

dl (t,z) ) Ctw(t2) b+ d (t2)] wee (£ 2)
wy (1, ) 2 lwy (t, )|

and assume that it is reqular enough to apply the Ité-Ventzell formula. Then, for & € LY(F;), the
triplet (X,Y,Z) given by

ht,z) = (w(t,z)0; +d" (t2)) (9,5 +

9 +d (’Uun) 1
ci=E— / (1, X) (Budu + dW,) (o1
}/S = _Uz (S,w (SaXS)) - XS’
and
1 -
71— w (s, Xs) s +d' (s, Xs) al(s,w (s, X)) + Usz (5,0 (s, X)) w (5, X;) 0,
1 o 6K (6.14)

7%= a2 (s,w (s, Xs)) — d? (s, Xs) U.. (s,w (s, Xs)),

is a solution to FBSDE (3.5) on [t,T] with initial-terminal condition (&, P).
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To show this, we apply the Itd-Ventzell formula to w(s, X) and deduce that
dw (s, X,) = —w (5, X,) 0.dW2 + d* (s, X)) dW?2,

and
dY, = — dU, (s,w (s, X,)) — X
(g -1 d (s, Xs) +w (s, Xs) s
_<< 22 (S,w (s, Xs))w (s, Xs) —a, (s,w (s, Xs)) + 0 (5. X0 )95
1 a2 (s,w (5, X)) || 2
+ 2Uzzz (s,w (s, X)) < 0o (5w (5. X)) |d* (s, Xs)| )

_dg (s,w (~s, X)) a2, (s,w (s, Xs))

— a2 (s,w (s, X)) d? (S,Xs)> ds

Note, however, that by the definition of Y, U, (s, Xs +Ys) = w (s, Xs), which, together with the
definition of Z in (6.14) as well as (2.13), (2.14), (2.21), and (2.22), implies that (X,Y, Z) satisfies
FBSDE (3.5).

Corollary 6.2 In addition to the assumptions in Proposition 6.1, we further assume that the processes

w (s, Xs)0s + d* (s, Xs)
wy (8, X5)

€ IL‘2B]WO [th]a and d2 (Sa XS) ﬁzz (Sa w (57X5>) € LQBMO[ta T]

Then, Z' € LYo, T), i = 1,2, and 7%F given by

P w (s, Xs) 05 + d* (s, Xy)
ot = —
s Wy (Sva)

is optimal for u® (t,&;T). Respectively, ¢=* given by

d* (s, Xs)
*, P ) S
P 6.15
QS w (S, XS) ( )
is optimal for % (t,7; T) with 7) .= w(t,§).

Furthermore, for any n € LYT(F) and & := w=t(t,n), ¢~F defined by (6.15) with X satisfying
X, = ¢ is optimal for a® (t,n;T).

To verify the optimality of the above processes, we first verify that Z° € L%,,,[t,T], i = 1,2,
using (6.14), (2.13), (2.21) and Assumption 2.3 (iv). In turn, we use Theorems 3.3, 3.5 and Corollary
3.6 to conclude.

6.3 Dual backward SPDE and FBSDE

Similarly to Proposition 6.1 and Corollary 6.2, we obtain the following results using backward SPDE
(6.9).
Proposition 6.3 Let @ be a solution to the backward SPDE (6.9) satisfied by al , namely,

z

di(t,z) =h(t,2)dt+d" (t,z)dW,, 0<t<T andz >0, 6.16)
6.16

w(T,z)=U,(T,z)+ P,
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with

h(t,z) == (t,2) 2|07 + db (t, 2) 20, + d" (t,2) 0, — %w (t, 2) |20

2 2t 2)d2 (¢
n (iZ)z(vz),

1 ,, (t,2) ‘~
W, (t,2)

- = d*(t,z
2 i, (t,2)|” ()

and assume that w is regular enough to apply the Ito-Ventzell formula. Then, for n € LY (F,), the

triplet (D,Y,Z) given by
s d* (u, D,
Dy =1 — / Dufud! + D) )
t Wy (u, Du)

Y, := (s, D) — U, (s, D),

and
71 = (w (s,Ds) — U.. (s, DS)) Dy8, — &l (s, Ds),
- ~ 72
ZS2 = (ﬁ;z (s,Ds) —U.,. (S,Ds)> d (( ZD)S; dg (s,Ds),

solves FBSDE (3.14) on [t, T with initial-terminal condition (n, P).

Corollary 6.4 In addition to the assumptions of Proposition 6.3, we further assume that

(@ (s, D) = Uz (5, Ds)) & (5, D)

L% 0t T].
% (5. D5) € Lanolt: T

W, (s, Ds)Ds € L0t T, and

Then, Z' € L,0[t,T), i = 1,2, and ¢*F defined by

q*,P — JQ (S’DS)
s ' ’J}z (87 Ds) Ds
is optimal for u% (t,n; T). Respectively, 7" defined by
P = b, (s, Ds) D40, (6.17)

S

is optimal for uf (t,&;T) with € := —w(t,n).
Furthermore, for any & € LO(F;) and ) := w1 (t, =€), 75T defined by (6.17) with D satisfying
D, = 7 is optimal for uf (t,&;T).

Remark 6.5 Let w and w be the solutions to backward SPDEs (6.12) and (6.16), respectively. Ap-
plying the Ité- Ventzell formula to these two equations, one can verify that

w(t,—w (t,2)) =z and — 0 (t,w(t,x)) = . (6.18)

which gives the relation between the primal and dual backward SPDEs.
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7 Conclusions

In this paper, we extended the notion of forward performance criteria to settings with random endow-
ment in incomplete markets and studied the related stochastic optimization problems. For this, we
developed a new methodology by directly studying the candidate optimal control processes for both
the primal and dual problems. We constructed two new system of FBSDEs and established necessary
and sufficient conditions for optimality, and various equivalences between the two problems. This new
approach is general and complements the existing one based on backward SPDEs for the related value
functions.

Building on these results, we introduced and developed the novel concept of forward optimized
certainty equivalent, which offers a genuinely dynamic valuation mechanism that accommodates pro-
gressively adaptive market model updates, stochastic risk preferences, and incoming claims with arbi-
trary maturities. We, also, considered representative examples for both forward performance criteria
with random endowment and forward OCE; for the case of exponential forward performance criteria,
we investigated the connection of forward OCE with the forward entropic risk measure.

The existence and uniqueness of FBSDE solutions are currently examined by the authors in the
companion paper [29] using the decoupling field approach, and are not included in this paper.

Appendix. Proofs

A.1 Proof of Lemma 2.1
Let X&™ := [ m, (Qudu + dW}) . Then, It6’s formula yields that X*7Z"7 is a local martingale, given
by
d(XLmzb?) = (X720, + Zb9m) dW) — XDTZ0qdW 2.
We observe that for n > 2, since 7 € L% w010, T, the energy inequality implies that

T 2 .
E (/ |m|2du> <M [ mad W0 < .
0 0

where || - ||pmo denotes the BMO norm. Then, using Burkholder-Davis-Gundy inequality and the

uniform boundedness of 6, we deduce that
/ Tu0udu / wudWJ >}
t t

T " T 3
</ |ﬁu9u|du> +CE (/ |7ru|2du> < 0. (A1)
t t

Next, we show that [} X.™Zl4q,dW? is a true martingale. Note that the stochastic exponential
Z™4 is a uniformly integrable martingale due to the boundedness of 6 and the fact that ¢ € L%, [t, 7).
Using Doob’s inequality and the reverse Holder’s inequality yield

n

E{ sup ‘X§“|n} < CE[ sup ( +

t<s<T t<s<T

< CE

Po
E[sup ;zqu;ﬂ g( Po ) E[|259] < oo,
t<s<T po—1
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for some py > 1. Using again Burkholder-Davis-Gundy inequality, we obtain that

[ T
}SCE (/ ‘XffZi’qqu]Qdu>
t

2

/ X" ZhqudW;,

IE[ sup
t

t<s<T

T
< CE | sup ’Zﬁ’q’ </ ’XZ’”qufdu)
t

t<s<T

1
2

ro

_ T B
< CE| sup ‘Zﬁ’q’po} + CE (/ ‘XZ’”QuFdU)
[t<s<T t

Moreover, inequality (A.1) and property ¢ € L%,,o[t, T yield that

T 25001 T 5ot
t,m 2 t,m _pg 2
E |Xu’ qu} du <E | sup }XS’ }T’U ! |gu|” du
. t<s<T t

2pg T 9 PSBl
SE[ sup \sz“|ml]+E [ ol < oo,
t

t<s<T

and, thus, [[ X7 ZL9q,dW? is a true martingale. Similarly, we deduce that

/ (- XL 7599, 4 Zb,) AW
t

is also a martingale.

A.2 Proof of Theorem 3.1

Step 1. Since 7** is optimal, for any = € Ap,r and € € (0,1) we must have
1
lin% EE (U(T,X7"+P)-U(T,X;+P)|F] <0, (A.2)
e—

where

Xomi=¢ +/ (w;’P + gwu) (Hudu + qul) , t<s<T.
t
We can easily check that
. U(T,X3"+P)—U(T,X;+P)| = / U, (T, X0 4 P) dé/ T (Qudu + dW,y)
0 t
and that there exists dp € (0,1) such that

1
/ U, (1. X577 + P)ds = U, (T, XP°" + P)
0

T
=U, <T, £+ / (7 + Soemy) (Budu + dW,}) + P) :
t
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Thus, by (A.2), the uniformly integrability assumption and the dominated convergence theorem, we
obtain

1
0> lim —E[U (T, X5 + P) — U (T, X} + P)| F/]

e—=0 ¢
s T
=limE | U, <T, £+ / (m” + Soemu) (Oudu + dW,) + P) / T (Budu + dW)) ft]
e—0 t t
T
=E | U, (T, X5 + P)/ Tu (Qudu+ dW,) | F (A.3)
t
Replacing m by —7 implies that
T
0<E|U, (T X} +P)/ Tu (Qudu+ dW,) | Fi | -
t
It follows by (A.3) that
T
0=FE|U, (T, X5+ P)/ Tu (Qudu+ dW,) | Fy| = E[NpAT| F], (A.4)
t
where, for t <s < T,
Ny :=RE[U, (T, X} + P)| Fi] (A.5)
and s
AT ;:/ T (Oudu + dW,) . (A.6)
t

Since N is a martingale on [t,T] , there exists a density process, say ¢ = (!, »?) on [t,T], such
that
dN, = @ldw,, t<s<T; (A7)

see, for example, [26, Problem 3.4.16].
Step 2. We define an F-progressively measurable process Y on [t, T] such that

Uy (5, X*+Y,) =N, =E[U, (T, X} + P)| Fs], t<s<T. (A.8)

In other words, Y := Ut (s,Ns) — X! for t < s < T and Y7 = P. By the dual relation (2.10), we
know that _
Yo =-U.(s,N;) — XI, t<s<T. (A.9)

Applying the It6-Ventzell formula to the dynamics of U, in (2.18) and N in (A.7) yields that
dY, = —dU, (s, Ny) — 0¥ (0sds + dW})

= (285N = 5T (5 N = 61 (5, N = 570, ) s
+( 6L (3, Vo) = Uz (5, No) b = o) dWE (=62 (5, Ny) = U (5, Vo) 2) dW2. - (A10)

By (2.10), (2.13) and (2.14), we have

. 1
UZZ 7NS — T T 7 v A
(N =~ X vy
7 UCECE:E 7X* YS
Uzzz (5; Ns) - (S £ + )3 .
(Uzz (5, X3 +Y5))

(A.11)

(A.12)
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It follows by (2.21) that
o (5, X2+ V)

~z ;Ns - s A.13
Uz (8, X5 +Ys) o (5, X5 + Y vz (8, XJ + Y
Gos (5, ) = Gz (5 X Vo) 0 (s A Ys) | O (B Xt Y (A.14)
(Usa (5, X3 +Y5)) |Usz (5, X3 +Y5)]
and by (2.19) that
B (s N = B XY | 1 Uas (5, X5 + Vi) o (5, X + Yo
FACIEAT U:m(s,Xs*—i—Ys) 2 (Umc(S,X;‘—I—YS))S
2 (8, X2+ YS) an (5, X2+ Y,
— aw (57 S + )Oé (85 25 + ), (A15)
|Usa (SvX: +Y5)|
where
(s, XX+ Y, = (U, X*+Y.)0, 1)(*}/5 950@1(5,—55
oo, X3 1) = (Un (o, X5 +X2) 00 + 0 (o, X+ ))< T (5, X+ V)
1|Us (5, X2 +¥) 6 + ab (5, X3+ Y0)|* U (5, X3 + 1) (416
2 |Usz (5, X2 +YS)|2 ' '
Combining (A.9)-(A.16) yields that
dy. — — Bz (SaX; +Y5) lezz (SvX; +Y5) |‘Ps — Oy (SvX; +Y5)|2
J X* }/s s — Gz X3 }/s
+azz (57 s+ )((,0 o (S; s+ )) +7T:,P95 ds
|Uzz (SvX: +YS)|
1 1 * 2 2 *
(ps_am(‘s?Xs—’—Y;) *,P 1 (ps_am(‘s?Xs—i_YvS) 2
-7 dw dw?z.
+( Upe (5, X; +Y3) LX) O
Fort <s<T,let
1_ 1 X*+Y) QDQ—CYQ(SX*-FY)
Zl — Ps Oy (87 s s) _ P d ZQ — Xs T ) s s A7
s Upe (5, X2 +Y,) |8 G % Upe (5, X 1 Ys) (A.17)
It then follows that
Py = g (5, X3 +Yo) + Usa (8, X3+ V) 107 + U (5, X3 +Y5) Z, (A.18)
and
2=l (s, X+ Ys)+ Uss (8, X2 +Y,) Z2. (A.19)
Therefore,
* *, P 2 2
o [BelsXiavy) 1Vl XY (|2 4w 4 |22
s Use (5, X5 +Ys) 2 Upe (5, X2 +Y5)
1 X* Y's Zl *, P 2 ,X* Y's ZQ
+amw(87 s+ )( s+7Ts )+aww(8 s+ ) s +7T:"P95 dS
Use (5, X7 +Y5)
+ 2z} dw,
=— f(s,X!,Y,, Z,)ds + Z]dWw,, (A.20)
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where

B (5,2 + ) 1 Usaz (5,2 +y) (’21+7T:>P‘2+‘z2’2)

f(s,z,y,2) =

Upe (s,2+y) 2 Uzs (8,2 + 1)
e ) e Dy g
Uz (5,2 +y)

Step 3. Applying Itd’s formula to N in (A.7) with ¢ in (A.18) and (A.19) and A™ in (A.6), we
obtain that

ANGAT = 7y (NoOs + ol (8, XF 4+ Yy) 4 Upy (8, XF + Ye) 758 + Ups (s, X7+ Yy) ZY) ds
+ (ATl + Nomy) dW) + AT2dW?2.

By Lemma A.1, we know that [, (ATl + Nym) dW) + [ ATp2dW? is a true martingale. Then,

S

integrating both sides from ¢ to T and taking conditional expectation, by (A.4), we have

T
0=F [/ s (NoOs + g (8, X7+ Y3) + Usa (8, X+ Vo) 100 + Upw (5, X2+ Y,) Z)) ds| Fy
t

Since 7 is arbitrary, we deduce that

S _Nses +a; (s, X +Y5) _7!
s Upz (8, X5 +Y5) s

Up (s, X* +Ys) 0 +al (s, X* +Ys) ,
_ Y5 A 2 \% A _ 7l t<s<T. A.22
Uso (5, X2 +Y,) s P=9> (A-22)

Step 4. Combining (A.21), (2.8) and (A.22) yields

1 212 2 2
3Usaa (5,2 +y) |2°| +ad, (5,2 +y) 2
1 2 ) xx \2)

S, x,Y,2) = —2 04+ .

(A.23)

In turn, we easily deduce the BSDE with generator f in (A.23),
dYy = —f (s, X;,Ys, Zs)ds + Z[ dW,, Yr =P,
with X* = X in (3.3) and %% in (A.22), and the forward part of FBSDE (3.5) is obtained.

Lemma A.1 For any m € A, 1), the process

/ (AT pu + Numa) AW, + / AL dW;
t t
is a true martingale on [t,T).

Proof. By (A.1), we know that E[sup,< <7 |AT|?] < oco. Burkholder-Davis-Gundy inequality yields

N
} < CE </ ’AZ@Z‘ du)
t

< CE [ sup |A;f|2} +CE

- t<s<T

E { sup
t<s<T

| azsiaw;
t

T
/ |<pu du] < 00.
t
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Moreover, by the assumption of LP-integrability of U, (T, X4+ P) and Doob’s LP-inequality, we deduce
that

E { sup |N5|p] < CE[U, (T, X} + P)’] < c.
t<s<T

Using similar arguments as in Lemma 2.1, we obtain that E[sup,< < | [ NumydWl] <oco. m

A.3 Proof of Theorem 3.3

*, P

By definition of 7**, we have

Xs:€+/ TP (Qudu+dW,)) = XF, t<s<T.
t

For any m € Ay 7, let
X7 ::§—|—/ Tw (Gudu—FdWJ), t<s<T.
t

We show that, for any 7 € Ay, 7y,
E[U (T.Xf + P)| ] < E[U (T, Xr + P)| ). (A.21)

From Remark 3.2, we introduce a probability measure using the optimal state price density process

744" namely,
dQ* o Zt,q*‘P Uz (T7 XT + P)

= P A (RS O

Then, Girsanov’s theorem yields that
(AWt dawr?) .= (AW} + 05ds,dW2 + ¢>Fds)

is a Brownian motion under Q*.
To show (A.24) we work as follows. Using the spatial concavity of U, we have

E[U (T, X} + P)|F]) —E[U (T, X7 + P)| F] (A.25)
< E[U, (T, X7 + P) (X — X7)| F]

Uy (1€ +Y,) (XF = Xr)

]:t] U (1,6 +Y3)

= E¥ Fi| U (t,E+Y).

T
/ (T — WZ’P) AWt
t

Applying the reverse Holder’s inequality to Zt’q*’P7 we establish the existence of pg > 1 such that
«, P

E[|Zz? " |P0] < oo. Moreover, observing that 7 — 7% € 1.%,,,[t,T] and employing the energy in-

equality, we deduce that

n

T 2
E </ | — WZ’P‘Qdu> < oo, forn>2.
¢
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In turn, Burkholder-Davis-Gundy inequality yields that

T 3
| <o (/ |ﬂu—w::P\2d“>
t
< CE HZ}"Z*’P‘W}+C]E (/tT

which further implies that the right hand side of (A.25) is zero and (A.24) follows.

EQ [ sup

t<s<T

/ (mu — 7Py dWi!
¢

PQ
po—1

1
2
2
’wu - WZ’P‘ du) < 00,

A.4 Proof of Theorem 3.5
(i). By Remark 3.2, we know that ¢** € Q¢ 1) We want to show that, for any q € Q. 7,

E [U (T, ﬁz;q*’P) + ﬁZ;q*‘PP‘ }'t} <E [U (T, 7Z57) + ﬁzg‘ZP} ]—"t} . (A.26)
Note that by Remark 3.2 and the definition of 7,

325" = U, (T, X7 + P). (A.27)
By Theorem 3.3,
Xr=¢+ /T 7" (Qudu + dW,y)
t
with 7% € Ay 7 in (3.7). It follows from (2.12), (A.27) and Lemma 2.1 that
|0 (T.0zp"") + 025" PR
~E |0(T\U, (T, X + P)) + U, (T, Xz + P)P‘ 7

=E[U(T,Xr + P)—U, (T, Xr + P) Xr| F]
=E[U (T, Xz + P)| Fi] — &7, (A.28)

On the other hand, for any ¢ € Qp 77, by (2.9) and Lemma 2.1, we easily deduce that

E[0 (025" + 023" P

7|
> E[U(T, X7+ P) — 223 X1 | F]
=E[U(T, X7 + P)| Fi] = &0,

which together with (A.28) proves (A.26).
(ii). By (2.11) and Lemma 2.1, we have, for any 7 € Ay 1), ¢ € Qp.1y, § € L°(F;) and n € LY%T(F),
that

E

T
U (T,§+/ Tu (Qudu + dWy) +P> ‘}}
t

<E

T
U (T,nZp") +nZpe (5 + / T (Oudu + dW,y) + P) ‘ Fi
t

E [U (T, nZ59) + nZ;‘ZP} ft} +én. (A.29)
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Thus, due to the arbitrariness of 7, ¢ and 7, we obtain

P,6T) < inf (a¥ (t, ;T : A.30
W (G6T) < | essinf (@ (8 T) +€n) (A.30)

On the other hand, for ¢*¥ defined in (3.6), using Theorem 3.3, equality (A.28) and part (i) of this
theorem gives

u (t,6T) =E[U (T, X1 + P)| Fi]
E [U (T, ﬁzfﬁq*’P) + ﬁZ%q*’PP‘ ]:t} + &)
— " (1,7 T) + €, (A.31)

which together with (A.30) proves the desired result.

A.5 Proof of Corollary 3.6

For any given n € L% (F,), applying Theorem 3.5 to ¢ in (3.10) yields (i). By (A.29) and the
arbitrariness of £ € L°(F), m € Ay, 1) and g € Q. 1), we have that, for any n € L% (F),

@ (t,);T) > esssup (u” (,6T) = &n) .
€ELO(F)

Replacing € by € in (A.31) yields that @” (¢,1;T) = u? (t, & T) — &n, which proves (ii).

A.6 Proof of Theorem 3.8

Step 1. Since ¢** is optimal, for any ¢q € Qp,r) and € € (0,1), we have
1 ~ .
limy & [(U (T, Z2:%) + Z;’qP) - (U (T, Z%) + Z;;P) ‘ ft} >0, (A.32)
e—

where Z59 := nZ%4 +¢4_ Note that

é (o @250 + 250P) = (01 25) + 23P) ) = é/ol (0= (1.2577) + P) 0527,

and

T T
1> * 1 *
352% 4 = nds exp (—/ (Hude + () + dequ) de) ~3 / (|9u|2 + gk + 6gqu|2) du)
t t

T T
= 755 <—/ £qudW? —/ (g5 + dequ) Equdu> :
t t

Therefore, there exists dp € (0,1) such that

é ((U (T, Z5:%) + Z;"IP) - (U (T, Z%) + Z;P))

1/, T T
== / (UZ (T, Zga’q) + P) zbe1 —/ £qudW? — / (g5 + dequ) equdu | db
€Jo t t

T T
- (ﬁz (T, Z%Wf) +P) z50=1 (- / qudW?2 — / (q" +505qu)qudu> .
t t
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By the uniformly integrability assumption and the dominated convergence theorem, (A.32) implies

that
0<E|1im 2 KU (T, Z5:%) + Z;"IP) - (U (T, Z%) + Z}P)}
}}]

e—=0 ¢

7

R T T
—F | lim (Uz (T, Z:‘}OE’Q) T P) z80a [ / qudW?2 — / (¢ + 00£qu) qudu
t t

e—0
ft] |

~ T T
=F (UZ (T, Z}) + P) Zy —/ qudW; —/ Qo qudu
t t

Replacing ¢ by —¢, we obtain that

0=E (UZ (T, Z%) + P) Z </T qudW? + /T q;;qudu> F| = E[MrHL F, (A.33)
t t
where, for t < s < T, M and HY are defined as
M, :=E [ (Uz (T, Z3) + P) Z5 }‘S] (A.34)
and
H? .= /S qudW?2 + /S ¢ gudu. (A.35)
Since M is a martingale on [t, T, there exitsts a density ;rocess ¥ = (¢1,4?) on [t, T] such that
dM, =] dW,, t<s<T; (A.36)

see, for example, [26, Problem 3.4.16]. 3
Step 2. We define an F-progressively measurable process Y on [t, T such that

(ﬁz (5. 2°) + Y/) Zr=M,=E [(U (T, Z%) + P) Z

F], t=s<m,

In other words,
~ M ~ ¥
Vo= 52— U.(s,20), fort<s<Tand¥r =P (A-37)

*
S

®

Ito’s formula yields

1 10 + a2 P 1 . Py
d P = L e A —_ 05 |/|/ *s [/[/
<Z*) z% dS+Z*( AW, + a7 d S)’

S S S

and, in turn,

MS o Ms 2 %, P 2 1/};95 + 1/J§q:’P
b (M., + ) dW2 + (Mgl +02) dW?)
Therefore,
dUZ (sz:)

S

1~
50z (5.20) 12 (10 + a2 7|") = &L (s, 20) 220, — 62, (s, 20) z;q*,P> ds
+ (6l (s.22) = Use (5.22) 226, ) dW) + (a2 (5. 23) = Use (s.2) 23007 ) W2,

- <Bz (5,25) +

41



which, combined with (2.25) and (A.38), gives

M, -
dy, d( ) —dU. (s, Z?)
Z*
M, Yo +2qr
_ 9 *, P ) s1s
— (5 (0 )+ B
~ ~2 Z* ~2 Vi 1~ ~9 ,Z* 2
+ Uzz (S,Z:)Z: |95|2 _ &i (S,ZZ)@S _ az (SaN s)azz (Sv s) + _Uzzz (S,Z:) ’az (S s)’ 5
Uss (. 23) 2 0. (s, 22)
1-
3T (5 222G 4 6 (5,20 22657 ) s
M0, + ] .
# (I a5, 20) 4 0 (5, 22) 230, ) ]
M, P 2 B
b (B (5,20 4 0 (5,20 22057 ) W (239
Let, for t < s < T,
- M0, 1 -
71 = T‘Lw — &l (s, 2) + U (s, 22) 220,
i MoeoP Ly i (A.40)
72 = TV 626, 2) 4+ U (5, 20) 2200
It then follows that
U = (ZE+al(s,22) = U (s, 22) Z26,) 72 = ML,
0 = (22462 (5, 20) ~ Une (5, 20) 22407 ) 22 — Migl" (A41)
Substituting (A.41) into (A.39) yields
4y, = (Z;os + 22007+ &2 (5, 20) ¢¢F — U (5, 2) 22 a2
R, 2)@ (20 g (o g [ 62D
_ { 1 H L _
Uzz (szs) 2 U,, (S,Z;)
1- .
—5Uz: (5,25 )|Z2ar ) + a2, (s,Z:)Zﬁqi’P) ds + ZJ dw,
f(s AR/ ) ds + Z] dw,, (A.42)
where
F(sdy,2) i= = 210, = 2207 = &2 (s,d) 37 + Uz (s,d) d |3 7|
1. 2
(S d) (S d) _Uzzz (S,d) ’ z( )‘ .
Uzz (Sad) 2 ‘Uzz (S,d)‘
1~
+ 50 (5,0) |dg: | — a2, (s,d) dg2 . (A.43)
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Step 3. Applying It6’s formula to M in (A.36) with ¢ as in (A.41) and HY in (A.35), we obtain
that, for any ¢ € Q. 1,

AMHE) = g, (22 4+ 62 (5, 22) = Uz (5, 20) 22027 ) Z2ds
+ HIYLdW, + (Myqs + HIYZ) dW?.

From the definition of H? and Burkholder-Davis-Gundy inequality we have that E[sup, . < |[HZ|?] <
0o, and, thus, applying similar arguments used in Lemma A.1 we deduce that ft HIpldw}l +
J; (Myqy + H@p2) dW? is a true martingale. Thus, (A.33) gives

T
E[MpHf| F)] =E l / 45 (22 + 62 (5, 2) = Une (5, 22) 22027 Zids ﬂ] =0,
t
which, together with the arbitrariness of ¢, gives
Z24a2(5,2) — Uy (8, 22) Z2q0F = 0,
and, thus, R
’ Us (s,25) Z;
Step 4. Combining (A.44) and (A.43) gives
2
~ 1- 2 R 52 (5. d) 22 ~2 d) 22
f(sadayuz): _219 §U (Svd)%'*'(]zzz (Sud) = (S ) - aiz (87 )Z :
‘Uzz (s, d)‘ 0. (s, d)‘ Uzz (5,d)
and we easily conclude.
A.7 Proof of Theorem 3.10
From (2.10), (2.16) and (2.20), we have
a? (s —U, (S,DS)) _ Uz (s, ~U, (S,DS))
g = - Z3 - :
Umm (Sa_Uz (37D5)> Uw (Sa_Uz (SaDs))
which, together with Assumption 2.3 (iv) yields that ¢** € Qi1
Next we show that, for any ¢ € Q 1,
E [(} (T, Dr) + DTP’ ]—"t} <E [U (T, nZ49) + nzfpvqp’ ]—"t} . (A.45)

Indeed, from the definition of ¢*¥, we have
nZ"" =D,

which is a true martingale on [t,T]. From Remark 3.9 and Lemma 2.1, we obtain that (U.(s, D) +
Y;)D; is a true martingale, and in turn (2.15) yields
E [U(T, Dr) + DTP‘ ]—‘t] —E [U (T, —U, (T, DT)) + Dy (U (T, Dr) + P ‘}}]

)
=E[U(7,-0.( TDT)} ICAGHERDP (A.46)
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On the other hand, from (2.9) and (3.15), we have
E [U (T, nZk7) + nz;qp‘ }'t]

> E[U (T, ~0. (T, Dr)) +nZ*0. (T, Dr) + 024 P| 7]

T
=E|U (T, U, (T, DT)) + anfp’q (ﬁz (t,n) + Y, — / ﬂ'Z’P (0udu + dWJ))
¢

.

—F :U (T, _T.(T, DT)) \ ft] T (U (t,n) + Y/t) , (A.47)

where in the last equality we used Lemma 2.1 for 7*% and ¢ € L%,,,[t,T]. Combining (A.46) and
(A.47) gives (A.45).

A.8 Proof of Theorem 3.11

(i). From Remark 3.9 we have that 7 € A, 77 and

E

T
U(T,é+/ P (eudu+dW;)+P>‘ft
t

—E {U (T, U, (T, DT)) ‘ ft} . (A.48)
Next, we verify that, for any 7 € A} 7,

E <E

T
U <T,é+/ 7o (Oudu + dW}) +P>|]—"t
t

T
U (T,£+/ mo ¥ (udu + dW,) + P) | ft] :
t
(A.49)

.

By the concavity of U, (3.15) and (2.10), we obtain that

E —-E

T
U(T,é—i—/ Ty (9udu+dWi)+P>‘]—}
t

T
U (T,é+/ e (9udu+de)+P>
t

T T
<E|U, (T, £+ / m ¥ (Qudu + dW,}) + P) / (70 — 75F) (Budu + dW})
t t

| ;

]:t‘| . (A.50)

Fi

T
—E|U, (7,-0.(T, Dr)) / (7o = 727) (O + AW}
t

T
—E|Dr / (= w27 (Buddu + W)
t

Note that D = nZt'fq*’P with ¢*F € Q¢ by Theorem 3.10, and m — = A, 7). Thus, Lemma 2.1
gives

T
E| Dy / (T — 72 (Budu + AW
t

ft] :Oa

which together with (A.50) proves (A.49).
(ii). Working as in the proof of Corollary 3.6, we obtain

al (t,m;T) > esssup (uf (£,6T) —&n).
€eLO(F,)
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On the other hand, by (i) and (2.15), we have that

u? (t,é; T)

(U (7.~0. (1, Dr)) | 7]

E
E [(} (T, Dr) — DU, (T, DT)‘ ]—"t}
E

|01, Dr) + DrP| | ~E | Dr (0. (T, Dr) + P)| 7],
which, combined with Theorem 3.10, (3.15) and Lemma 2.1, yields
u® (t,é;T) =" (t,n; T) + &n.

A.9 Proof of Proposition 3.13

By Theorem 3.11, 7% defined in (3.16), is optimal for u” (¢, é; T), and, according to Remark 3.9,
7P (Buds + dW)) = —d (U (s, D) + Y) .

Denote s
Xr= é+/ P (Budu+dW)) = ~U. (s,Ds) = Yy, t<s<T. (A.51)
t

Thus, X5 = —U, (T, Dr) — P.
Applying Theorem 3.1 gives that X, = X} = —U. (s,Ds) — Y,. By (A.9) in the proof of Theorem
3.1, we have that, for t < s < T,
Y, = _ﬁz (57N5> —X:,
with .
N, =E[U, (T, X:+ P)| F,] =E [Um (T, ~U. (T, DT)) } ]:5} =E[Dr|F].

On the other hand, since Z2 € L%, ,,[t, T], D is a true martingale, which together with (A.51) implies
that
Y, =-U.(s,D,)— X, =Y,, t<s<T. (A.52)

By (A.17), we have, for t < s < T,

Zl — <P; — aclﬂ (SvX.: + }/S) *, P
Usr (5, X; +Y3)

T U (s, X1 4Yy)

and Z2 =

where ¢, i = 1,2, are given by (A.7). Since Ny = Dy, we obtain that

~2 D, 22
Pt = Db, and 2 = - =B DI
Uzz (S;Ds)

Combining (3.16), (A.52), (2.16) and (2.21), we easily deduce that Z = Z.

A.10 Proof of Proposition 3.14
From Theorem 3.5, ¢*¥' defined in (3.6) is optimal for the dual problem (3.2), and, by Remark 3.2,

AU, (8, Xs +Ys) = Uy (5, X5 + Ys) (0:dW) + g2 Faw?) .
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«, P

Let ZF :=AZ

t
s

[ A— Um(S,

Xs +Y;). Applying Theorem 3.8, we have

D,=2"=U,(s,X,+Y,), t<s<T.

y (A.37) in the proof of Theorem 3.8, we know that

where

Since Z' € L% o[t T, ¢*

M, = ( (T, Z3) +P)ZT

|

2|
[( U, (T, X7 + P)) +
E[XTDT|]:]

P) Dy 7]

Pe Qi) and

:5—1—/ TP (Oudu + dW})
t

where mF ¢ Aje, 1) by Theorem 3.3. Then, Lemma 2.1 yields that My = —X Dy and
dM, = (X D505 — Dyr2¥) dW} + X Dyqi P dW?.
Thus,
- XDy ~
}/S - D _UZ(SvUCC(SaXS_F}/S)):}/Sv tSSST
Finally, from (A.40), we have that, for t < s < T,
- M0, 1 -
7= MO G (5, 22) 4 U (5, 2) 2261,
N Ms *, P 2 _
72 o= M e 2 (6, 20) 4 Os (5, 2) 22407

which, together with (3.6),

S

(A.53), (2.13) and (2.20), gives that Z = Z.

A.11 Proof of Proposition 3.15

The proof of the maturity independence of the value function @”

of U. For t <T < T’, note that, for any q € Q. 7], we have that

Zy) = 230750 and E[Z1%Fr] = 1,

(A.53)

relies on the self-generation property

since ¢ € L%,,5[t, T']. Then, by (3.2) and the tower property of conditional expectation, we obtain

at” (t,m; T")

— essinf E [U(T',nz;?) +77Z“?P‘.Ft}
9E€Q, 17

= essinf JE{ [U( “IZT‘?) +nthZTqP’fT”ft}
4E€Q[, 17

= essinf IE{ [U( tqZT, )‘]:T}—FUZ P‘}}}.
QEQ[LT/]
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From Remark 3.7, we have that

E|0(T,nzy" 27

fT} >U (T, nZl}’q) , for any g € Qi 1,
and, in addition, there exists ¢* € Q[T,T’] such that
U (tn2y") =B [0 (' 02528 )| Fr] .

It then follows that )
P(t,n;T') > essinf E [U (T,nZ5%) + an}’qP’ ]:t} ,

9€Q[t, ]
and
¥ (8,15 T") < essint E []E [U (T’ nZb9 75 )‘IT} +nz;‘;qp‘ft]
qELt, 1)
= essinf E [U (t,nZl}’q) + nng’qP‘ ]-'t] .
q€Q[t, 1]
Thus,

i (t,m; T') = Seginf I {U (t,nZy") + WZ?"P’ ft} =a” (t,g;T).
T

To show the maturity independence of the value function u!’, we observe that FBSDE (3.5) on
[t, T] with initial-terminal condition (£, P) can be extended to [t, T']. Indeed, if (X,Y, Z) is a solution
to FBSDE (3.5) on [t, T| with initial-terminal condition (&, P), then (X,Y, Z) defined by

XS = X l[t T)(S) +XT/’P1[TT/](S),
s = Yl (s) + Plipr(s),
Z —thT](S)+O 1TT’]()

<

is a solution to FBSDE (3.5) on [t, "] with initial-terminal condition (£, P), where X7"F satisfies
U, (s, XST'7P> 0, + ol (s, XST’J’)

Use (s, X7 ”P)

with initial condition X;;F,’P = —U.(T, ﬁZl}’q*’P), and 7 and ¢* are respectively defined by (3.9) and
(3.6). Thus, according to the first part of the Proposition and Theorem 3.5 (ii), we obtain that

P Ll : ~P Neal
(1.6T) = essinf (a” (t,m:T") +&n)

= inf (a” (¢t,n; T
neeLS(szlg%]-}) (u (7777 )+§77)

P&T),

dxTP = (05ds + dW})),

and we easily conclude.
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